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1.  EXECUTIVE  SUMMARY 


1.1.  The  Problem 

The  fuel  is  utilized  as  a  primary  heat  sink  on  most  aircraft.  Consequently,  the  development  of 
advanced  high  speed  aircraft  will  require  fuels  which  have  very  high  thermal  stability.  The  thermal 
stability  of  fuels  has  been  a  topic  of  many  studies  (1-48).  While  empirical  evidence  has  been 
obtained  about  the  effects  of  various  contaminants  and  environmental  parameters  on  fuel 
performance  for  a  given  fuel,  relatively  little  Is  known  about  the  mechanisms  involved. 

In  the  practical  applications  of  fuels  in  advanced  aircraft,  the  most  important  consideration  is  to 
know  under  what  circumstances  the  fuel  will  degrade  to  the  extent  that  a  deposit  is  formed.  A  lot 
of  effort  has  been  devoted  to  the  development  of  additives  to  enhance  fuel  stability.  However,  the 
testing  of  these  additives  and  the  formulation  of  thermally  stable  fuels  have  been  hindered  by  the 
lack  of  a  reliable  instrument  and  test  method  to  evaluate  these  fuels. 

1.2.  The  Innovations 

The  first  innovation  is  the  application  of  Fourier-Transform  Infrared  (FT-IR)  spectroscopy  to  the 
characterization  of  aviation  fuel  thermal  stability.  The  mld-IR  wavelengths  (1-20  /vm) 
contain  a  wealth  of  information  about  chemical  bonds.  Improvements  in  FT-IR  design 
have  led  to  spectrometers  that  are  rugged,  relatively  inexpensive  for  the  number  of  measurements 
performed,  (<$30,000),  and  sensitive.  The  use  of  FT-IR  spectroscopy  for  monitoring  and  control  of 
industrial  process  streams  has  become  a  realistic  option  for  the  first  time.  Advanced  Fuel 
Research,  Inc.  (AFR)  has  been  a  pioneer  in  the  application  of  FT-IR  spectroscopy  as  an  in  situ 
diagnostic  tool  for  hydrocarbon  systems  (49-60). 

The  second  innovation  is  the  use  of  Fiber-Optic  (F-O)  Attenuated  Total  Reflectance  (ATR) 
spectroscopy.  The  use  of  fiber  optics  has  provided  the  possibility  of  transmitting  the  IR  light 
through  a  process  stream  under  hostile  operating  conditions  (high  temperature,  high  pressure). 
ATR  spectroscopy  provides  the  possibility  of  analyses  of  highly  absorbing  materials,  such  as  liquid 
hydrocarbon  streams  or  surface  deposit  layers,  by  providing  a  reproducible,  short  path  length. 

ATR  spectroscopy  is  based  on  the  fact  that  a  light  beam  reflecting  at  a  surface  with  a  high 
refractive  index  actually  penetrates  a  short  distance  into  an  adjoining  medium  with  a  low  refractive 
index.  A  fiber  optic  with  its  cladding  removed  can  serve  as  the  IRE  under  the  right  circumstances. 

The  third  innovation  is  the  use  of  a  quartz  crystal  microbalance  (QCM)  detector  which  has  the 
potential  to  provide  real-time  data  on  fuel  deposit  formation.  The  detector  is  based  on  a 
piezoelectic  device  that  was  first  designed  and  built  by  Robinson  and  Smedley  (61)  and  is  known 
as  the  Smedley  Viscometer.  While  other  QCM  devices  have  been  tested  (31-33),  this  is  the  first 
system  where  the  sensitive  quartz  piezoelectric  crystals  are  remote  from  the  fluid.  This  provides 
the  opportunity  to  make  tests  at  elevated  temperatures  and  to  test  the  effect  of  probe  surface 
composition. 

1.3  Phase  I  Accomplishments 

The  Phase  I  program  demonstrated  the  feasibility  of  using  an  in  situ  FT-IR  fiber  optic  probe  and  a 
quartz  crystal  microbalance  (QCM)  to  monitor  the  growth  of  deposits  and  their  composition  in  a 
high-temperature,  high  pressure  flow  system.  The  specific  accomplishments  of  this  program  can 
be  summarized  as  follows: 
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•  Designed,  constructed,  and  tested  an  on-li!.e  high-tempera*ure  FT-IR  probe  for  monitoring 
the  amount  and  composition  of  surface  deposits. 

•  Designed,  constructed,  and  tested  a  high-temperature  quartz  crystal  microbalance  (QCM) 
probe  for  the  formation  and  growth  of  a  surface  deposit. 

•  Designed,  constructed,  and  tested  a  multiple  path  FT-IR  optical  bench  that  could 
sequentially  monitor  the  fiber  optic  probe,  an  ATR  circle  cell,  and  a  transmission  cell. 

•  Modified  an  existing  fuel  stability  test  system  to  incorporate  the  FT-IR  fiber-optic  probe  and 
the  QCM  probe. 

•  Demonstrated  that  both  the  FT-iR  fiber  optic  probe  and  the  QCM  probe  could  successfully 
differentiate  between  a  "stable"  and  an  "unstable"  fuel.  The  results  from  the  QCM  p-obe 
tests  Indicate  that  the  drop  in  frequency  for  this  particular  probe  results  from  viscosity 
dampening  and  not  the  mass  of  the  film. 

•  Measured  the  composition  of  the  initiai  deposit  and  its  changing  composition  with  increased 
thermal  stressing  by  the  FT-IR  fiber  optic  probe.  Confirmed  previous  work  which  indicated 
that  the  initial  deposits  are  highly  aliphatic. 

•  Measured  the  changes  in  the  bulk  fuel  composition  from  thermal  stressing  with  the  ATR 
circle  cell,  which  were  found  to  be  significantly  different  from  the  changes  in  the  deposit 
layer  composition  measured  by  the  fiber-optic  probe. 

1.4  Phase  II  Proposal 

The  overall  objective  of  the  combined  Phase  I  and  Phase  II  programs  Is  to  develop  a  prototype 
Instrument  that  uses  FT-IR/F-O/ATR  spectroscopy,  a  quartz  crystal  microbalance,  and  other 
advanced  diagnostics  to  measure  the  growth  and  composition  of  jet  fuel  surface  deposits.  The 
Phase  I  program  demonstrated  the  proof-of-concept.  In  Phase  II,  the  measurement  techniques  will 
be  refined  and  a  prototype  system  will  be  constructed  and  delivered  to  the  Air  Force  which  is 
suitable  for  research  or  quality  assurance  applications.  The  work  in  the  Phase  II  program  will  be 
divided  into  8  tasks: 

Task  1  -  Design  and  Construct  Improved  FT-IR  Fiber-Optic  Probe  -  The  design  of  the  probe  will 
be  improved  to  allow  a  higher  throughput  of  IR  light,  a  more  uniform  temperature  in  the  deposit 
region  and  a  greater  ease  in  removal  and  cleaning. 

Task  2  -  Test  and  Calibrate  Improved  FT-IR  Fiber  Optic  Probe  -  A  series  of  calibration 
experiments  will  be  done  with  a  standard  set  of  jet  fuels  to  calibrate  the  FT-IR  probe  and  software 
will  be  developed  to  allow  reliable  real-time  recognition  of  deposit  formation  and  composition. 

Task  3  -  Design  and  Construct  Improved  QCM  Probe  -  The  QCM  probe  design  and  electronics 
will  be  Improved  to  allow  more  stable  operation  and  greater  sensitivity  for  deposit  detection. 

Task  4  -  Test  and  Calibrate  Improved  QCM  Probe  -  The  QCM  probe  will  be  tested  and  calibrated 
using  the  same  set  of  jet  fuels  and  software  will  be  developed  to  allow  reliable  real-time 
measurement  of  deposit  formation  rates. 
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Task  5  -  Evaluation  of  Other  Diagnostics  •  An  assessment  will  be  made  of  other  diagnostics 
(Near-IR,  Raman,  etc.)  which  could  be  incorporated  into  the  Advanced  Fuel  Stability  Test  System 
(FSTS). 

Task  6  -  Design  and  Construct  Prototype  Test  System  -  An  advanced  FSTS  will  be  designed 
and  built  which  incorporates  an  FT-IR  fiber  optic  probe,  a  QCM  detector  and  other  advanced 
diagnostics  as  determined  in  Task  5.  This  will  include  the  software  required  for  the  user  interface 
to  allow  the  system  to  be  operated  by  nontechnical  personal. 

Task  7  *  Testing  of  Prototype  for  Advanced  FSTS  •  The  complete  system  would  be  tested  on  a 
standard  set  of  fuels  for  which  thermal  stability  measurements  have  been  made  on  similar  scale 
(e.g.,  JFTOT)  and  larger  scale  test  systems. 

Task  8  -  System  Assessment/Applications  Development  -  Complete  assessment  of  capabilities 
of  system  for  evaluation  of  aviation  fuel  thermal  stability.  Document  system  capabilities  and 
operation  in  a  user’s  manual.  Make  assessment  of  system  capabilities  for  other  applications  such 
as  :  1)  evaluation  of  supercritical  aviation  fuels;  2)  evaluation  of  gasolines;  3)  development  of  on¬ 
board  fuel  monitors.  Deliver  prototype  for  the  advanced  FSTS  to  the  Air  Force. 

1.5.  Expected  Results 

If  carried  through  Phases  II  and  III,  this  program  will  result  in  an  instrument  package,  including 
software,  for  monitoring  of  jet  fuel  thermal  stability.  The  program  is  designed  to  produce  an 
instrument  that  will  have  direct  application  to  process  development  activities  for  thermally  stable 
fuels  and  supercritical  fuels  for  hypersonic  aircraft.  However,  the  same  instrument  would  have 
applications  in  a  much  wider  market  such  as  the  production  of  gasoline  which  does  not  clog  fuel 
injectors  and  the  assessment  of  heat  exchanger  fouling  in  the  petrochemical  industry.  The 
technology  developed  under  this  program  could  also  lead  to  the  development  of  on-line  monitors 
of  fuel  stability  which  can  be  installed  on  board  an  aircraft. 
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2.  IDENTIFICATION  OF  THE  PROBLEM  AND  OPPORTUNITY 


2.1.  The  Problem 

The  fuel  is  utilized  as  a  primary  heat  sink  on  most  aircraft.  Consequently,  the  development  of 
advanced  high  speed  aircraft  using  hydrocarbon  fuels  will  require  fuels  which  have  very  high 
thermal  stability.  In  addition,  the  expected  transition  to  fuels  from  new  sources  will  require  a  more 
fundamental  understanding  of  thermal  stability,  so  that  fuel  specifications  can  be  determined  and 
fuel  performance  predicted.  The  thermal  stability  of  fuels  has  been  a  topic  of  study  for  many  years 
(1*48).  Several  techniques,  e.g.f  adjustment  of  fuel  physical  and  chemical  properties,  exclusion  of 
oxygen,  addition  of  chelating  agents,  etc.,  have  been  considered  to  enhance  fuel  stability.  While 
empirical  evidence  has  been  obtained  about  the  effects  of  various  contaminants  and  environmental 
parameters  on  fuel  performance  for  a  given  fuel,  relatively  little  Is  known  about  the  mechanisms 
involved. 

In  the  practical  applications  of  fuels  in  advanced  aircraft,  the  most  important  consideration  is  to 
know  under  what  circumstances  the  fuel  will  degrade  to  the  extent  that  a  deposit  is  formed.  A  lot 
of  effort  has  been  devoted  to  the  development  of  additives  to  enhance  fuel  stability.  However,  the 
testing  of  these  additives  and  the  formulation  of  thermally  stable  fuels  have  been  hindered  by  the 
lack  of  a  reliable  instrument  and  test  method  to  evaluate  these  fuels. 

2.2.  The  Innovations  and  Opportunity  for  Solution 

This  program  involved  three  innovations  that  were  used  to  investigate  the  potential  for  a  fuel 
thermal  stability  test  system  based  on  advanced  diagnostics.  The  first  innovation  is  the  application 
of  Fourler-Transform  Infrared  (FT-IR)  diagnostics  to  the  characterization  of  aviation  fuel  thermal 
stability.  The  mid-IR  wavelengths  (1-20  /mi)  contain  a  wealth  of  information  about  chemical  bonds 
for  these  fuels.  Improvements  in  FT-IR  design  have  led  to  spectrometers  that  are  rugged,  relatively 
inexpensive  for  the  number  of  measurements  performed,  (<$30,000),  and  sensitive.  The  use  of 
FT-IR  spectroscopy  for  monitoring  and  control  of  industrial  process  streams  has  become  a  realistic 
option  for  the  first  time.  Advanced  Fuel  Research,  Inc.  (AFR)  has  been  a  pioneer  in  the  application 
of  FT-IR  spectroscopy  as  an  in-situ  diagnostic  tool  for  hydrocarbon  systems  (49-60). 

The  second  innovation  is  the  use  of  Fiber-Optic  (F-O)  Attenuated  Total  Reflectance  (ATR) 
spectroscopy.  The  use  of  fiber  optics  has  provided  the  possibility  of  transmitting  the  IR  light 
through  a  process  stream  under  hostile  operating  conditions  (high  temperature,  high  pressure). 

ATR  spectroscopy  provides  the  possibility  of  analyses  of  highly  absorbing  materials,  such  as  liquid 
hydrocarbon  streams,  by  providing  a  reproducible,  short  path  length.  ATR  spectroscopy  is  based 
on  tha  fact  that  a  light  beam  reflecting  at  a  surface  with  a  high  refractive  index  actually  penetrates  a 
short  distance  into  an  adjoining  medium  with  a  low  refractive  index.  The  use  of  suitable  high 
refractive  index  crystals  (internal  reflection  elements  or  IRE)  will  allow  an  IR  beam  inside  the  IRE  to 
be  used  to  analyze  the  composition  of  a  liquid  or  a  deposit  layer  adjoining  its  surface.  A  fiber  optic 
with  Its  cladding  removed  can  sen/e  as  the  IRE  under  the  right  circumstances. 

The  third  innovation  is  the  use  of  a  quartz  crystal  microbalance  (QCM)  detector  which  has  the 
potential  to  provide  read  time  data  or  fuel  deposit  formation.  The  detector  is  based  on  a 
piezcaiectic  device  that  was  first  designed  and  built  by  Robinson  and  Smedley  (61)  and  is  known 
as  the  Smedley  Viscometer.  While  other  QCM  devices  have  been  tested  (31-33),  this  is  the  first 
system  where  the  sensitive  quartz  piezoelectric  crystals  are  remote  from  the  fluid.  This  provides 
the  opportunity  to  make  tests  at  elevated  temperatures  and  to  test  the  effect  of  probe  surface 
composition. 
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3.  PHASE  I  OBJECTIVES 


The  overall  objective  of  Phase  I  was  to  demonstrate  that  the  FT-IR  fiber-optic  ATR  and  the  QCM 
probe  can  make  measurements  at  high  temperature  and  high  pressure  conditions  in  a  flow  system 
which  directly  monitor  the  growth  of  the  deposits  from  thermal  stressing  of  jet  fuels  and  provide 
information  on  their  composition.  This  was  accomplished  in  four  tasks  with  the  following  specific 
objectives. 

Task  1  -  Design  and  construction  of  an  on-line  FT-IR  monitor  based  on  a  fiber-optic  ATR  probe  for 
making  composition  and  mass  measurements. 

Task  2  -  Design  and  construction  of  a  quartz  crystal  microbalance  (QCM)  for  doing  on-line 
monitoring  of  deposit  formation  and  growth. 

Task  3  -  Installation  and  testing  of  the  on-line  diagnostics  developed  in  Tasks  1  and  2  on  a 
previously  developed  Fuel  Stability  Test  System  (FSTS). 

Task  4  -  Demonstration  of  the  ability  of  the  improved  FSTS  to  monitor  surface  deposits  formed 
from  jet  fuel  by  doing  experiments  over  a  wide  range  of  stressing  conditions. 


5 


4.  PHASE  I  RESULTS 


4.1  Task  1  -  Design  and  Construction  of  On-Line  FT-iR  Deposit  Monitors 

Qbltstiyg 

Design  and  construction  of  an  on-line  FT-IR  monitor  based  on  an  ATR  fiber-optic  probe  for  making 
composition  and  mass  measurements. 

MUftodology 

A  fiber  optic  probe  to  monitor  the  thermal  stability  of  jet  fuel  was  constructed  by  selecting  a 
combination  of  fiber  materials  that  have  low  transmission  loss  and  can  withstand  the  high 
temperature  and  pressure  conditions.  System  interfaces  were  successfully  designed  that  transmit 
Infrared  radiation  into  the  reactor  and  allow  the  ATR  results  to  be  collected  and  analyzed  with  a 
personal  computer. 

Optical  fibers  that  have  been  used  for  transmitting  infrared  rays  were  surveyed.  The  fibers 
considered  for  use  in  the  jet  fuel  thermal  stability  system  should  have  a  low  transmission  loss  and 
meet  the  temperature  requirements.  Since  experiments  are  performed  at  high  liquid  temperatures, 
the  sensor  fiber  and  the  spectrometer  (the  infrared  beam  source)  must  be  separated  to  avoid 
thermal  damage  to  the  spectrometer  and  detector.  A  transmitting  fiber  is,  therefore,  required  to 
bring  the  infrared  light  into  and  out  of  the  sensor  fiber.  In  this  case,  the  requirement  for  the  sensor 
fiber  would  be  thermal  resistance,  and  that  for  the  transmitting  fiber  would  be  low  transmission 
toss.  The  sensing  and  transmitting  fibers  can  be  of  different  materials  with  suitable  coupling. 

In  the  actual  system,  several  interface  problems  are  encountered,  in  order  to  allow  the  infrared 
radiation  to  be  totally  transmitted  through  the  fibers,  it  must  be  reflected  at  a  certain  range  of 
angles  in  the  fibers.  This  requires  a  technique  to  focus  the  collimated  infrared  rays  from  the 
spectrometer  onto  a  fiber  end  at  certain  angles.  For  the  interface  between  the  transmitting  and 
sensing  fibers,  a  specially  designed  coupler  was  obtained  from  Foster-Miller,  Inc.,  (Waltham  MA). 

Bfiuita 

Probe  Design  •  To  minimize  the  fabrication  cost  of  the  fiber  optic  probe,  the  materials  were 
standard  size  commercial  stainless  steel  tubing  and  Swagelok  fittings.  Figure  4.1-1  is  a  schematic 
of  the  probe  design.  Since  the  sapphire  fibers  used  were  between  12  and  15  inches  long,  the 
length  of  the  reactor  was  made  to  be  9V4  inches  which  allowed  enough  infrared  absorbance  to 
occur,  and  also  enabled  the  sapphire  fiber  to  be  coupled  to  the  zirconium  fluoride  transmitting  fiber 
without  causing  the  latter  fiber  to  be  too  close  to  the  hot  zone.  The  reactor  material  was  316 
stainless  steel  tubing  of  1/4  inch  O.D.  x  0.035  inch  wall  thickness.  A  quartz  sleeve  with  a  0.1 18 
inch  internal  diameter  was  inserted  into  the  tube.  The  quartz  insert  provided  an  inert  surface  which 
would  not  affect  the  results  of  the  thermal  stability  test.  Attached  to  the  stainless  steel  tube  were 
1/4  inch  x  1/16  inch  reducing  unions.  The  reducing  unions  were  modified  by  drilling  a  1/16  inch 
port  through  the  Swagelok  hex  body.  The  jet  fuel  entered  and  exited  through  these  ports.  The 
0.25  mm  fiber  optic  sensor  was  sealed  into  the  reactor  using  an  Altech  100/0.3-VG1  (15% 
graphite/85%  Vespel)  reducing  ferrule. 

The  reactor  tube  was  heated  directly  using  an  AC  power  supply.  Three  thermocouples  were  used 
to  monitor  the  tube's  outside  wall  temperature  with  the  control  thermocouple  located  5  1/2  inches 
from  the  fuel  inlet. 
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Figure  4.1-L  The  Schematic  of  the  Fiber  Optic  Probe  Designed  for 
the  Jet  Fuel  Thermal  Stability  Studies  (not  to  scale). 
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Selection  of  Optical  Fiber*  •  Three  different  IR  fibers  have  been  suggested  in  previous  studies  as 
suitable  probes  for  monitoring  the  reactions  of  condensed  phases  (62,63).  These  fibers  are  heavy 
metal  fluoride  glass  (HMFG),  chalcogenide  glass,  and  sapphire.  The  characteristics  of  these  fibers 
are  shown  in  Table  4.1-1.  The  HMFG  fiber  has  the  lowest  loss  in  IR  transmission.  However,  as 
shown  in  Table  4.1-1,  it  has  a  refractive  index  of  1.51,  which  is  close  to  that  of  the  species  in  a 
typical  jet  fuel.  The  refractive  index  of  jet  fuels  is  in  the  range  of  1.4-1 .6.  For  a  sensor  fiber,  the 
conditions  for  toted  internal  reflection  require  the  refractive  index  of  the  sensor  to  be  greater  than 
that  of  the  sample.  Therefore,  in  this  study,  the  fluoride  glass  was  only  used  as  a  transmission  link 
between  the  sensor  fiber  and  the  FT-IR  spectrometer  and  detector  and  not  as  the  sensor  element. 

According  to  Table  4.1-1,  the  chalcogenide  glass  fibers  have  a  refractive  index  higher  than  that  of 
the  jet  fuel,  and  transmit  through  most  of  the  IR  range.  However,  they  cannot  withstand  the  high 
temperature  conditions  required  for  thermal  stability  testing.  Sapphire  fiber  appears  to  be  the  most 
suitable  sensor  material  for  in-situ  monitoring  of  jet  fuel,  since  it  can  withstand  high  temperatures, 
and  has  a  refractive  index  above  that  of  jet  fuel.  The  only  disadvantage  of  using  sapphire  is  that  it 
does  not  transmit  below  2500  cm*1,  so  some  of  the  mid-IR  information  is  lost. 

Based  on  the  above  considerations,  it  was  decided  to  use  a  sapphire  fiber  as  the  sensor  in  the  jet 
fuel  thermal  stability  probe  in  the  Phase  I  program,  and  zirconium  fluoride  (ZrF)  fiber  cables,  which 
have  lowest  transmission  loss,  to  link  between  the  sensor  fiber  to  the  FT-IR  spectrometer  and 
detector.  It  would  be  possible  to  use  chalcogenide  fibers  to  monitor  the  thermal  stability  at 
temperatures  less  than  250  °C.  These  fibers  will  be  evaluated  under  the  Phase  II  program. 

FTIR  Spectrometer  and  Detector  -  The  Phase  I  work  was  performed  on  the  Michelson  100 
(M10Q)  Spectrometer.  This  spectrometer  was  determined  to  have  good  performance  in  IR 
throughput,  resolution  and  frequency  range  for  the  chemistry  to  be  followed  when  coupled  with  the 
fiber  optical  system  of  the  jet  fuel  thermal  stability  probe  and  an  Indium  Antimonide  (InSb)  IR 
Detector.  The  spectrometer’s  range  is  from  500  to  6500  cm'1  with  4  cm*1  resolution.  The  relatively 
low  signal  of  this  type  of  fiber  optic  system  requires  a  strong  IR  source  and  time  averaging  of  data 
to  improve  signal  to  noise.  The  Ml 00  spectrometer  source  and  clock  speed  were  increased  to 
improve  S/N  and  reduce  multi-scan  time.  The  reduction  of  scan  time  allows  following  of  the 
chemistry  of  the  jet  fuel  over  time  more  accurately.  The  optical  system  employed  focusing  optics 
for  IR  coupling  into  the  ZrF  cables  leading  to  the  sensor  element  and  for  collection  of  the  exiting  IR 
beam  from  the  ZrF  transmission  cable  leading  from  the  sensor.  An  InSb  detector  was  chosen  for 
its  frequency  range  (to  observe  any  overtones)  and  sensitivity.  Typical  MCT  detectors  are  an  order 
of  magnitude  less  sensitive  and  have  lower  cutoff  frequencies  than  InSb  detectors.  A  vacuum  fiber 
optic  interface  was  designed  at  AFR  to  directly  link  the  ZrF  cable  to  the  liquid  nitrogen  cooled  InSb 
detector  element.  The  direct  connection  of  the  cable  to  the  detector  greatly  improves  signal 
reception.  This  fiber  optic  interface  can  be  adapted  to  any  standard  type  905  SMA  fiber  optic 
connector  and  sits  in  place  of  the  IR  transmitting  crystal  window  normally  used  in  the  detector 
dewar. 

Setup  of  the  Test  System  •  The  test  system  included  the  optical  interfaces  between  the 
spectrometer  IR  beam  source  and  ZrF  transmission  fiber,  and  the  ZrF  transmission  fiber  and 
sapphire  sensor  fiber. 

The  schematic  of  a  fiber  optic  element  is  shown  in  Fig.  4.1-2.  A  schematic  of  the  coupling  of  the 
jet  fuel  thermal  stability  reactor  to  the  FT-IR  spectrometer  is  shown  in  Fig.  4.1-3.  A  multiple  path 
optical  bench  was  designed  and  constructed  which  could  sequentially  monitor  the  fiber  optb 
probe,  an  ATR  circle  cell  and  a  transmission  cell  using  a  single  FT-IR  spectrometer.  This  optical 
bench  is  discussed  further  under  Section  4.3. 
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TABLE  4.1-1  CHARACTERISTICS  OF  IR  FIBER  MATERIALS 
(Data  Supplied  by  Foster-Milter,  Inc.) 


Property 

Chaloogenide 

Fluoride 

EFG1 

Sapphire 

LAPGa 

Sapphire 

AgBr/CI 

Core 

Diameter 

250 p 

250 // 

250// 

250 V 

25Q P 

Coating 

Thickness 

45 // 

45// 

none 

none 

none 

Cladding 

Thickness 

30// 

40 u 

core  only 

core  only 

core  only 

Wavelength 

Range 

3  to  10// 

3300-100  cm 1 

0.5  to  4.3// 
20,000-2325  cm'1 

0.2  to  4// 
50,000-2500  cm'1 

0.2  to  0.4// 

3  to  20 fj 

3300-500  cm'1 

Attenuation 

0.5  dB/m  at  6  //m 

0.02  dB/m  at  2.6// 

20  dB/m  at  3// 

2  dB  at  3 fj 

0.7dBm  at  10.6// 

Refractive 

Index 

2.9 

1.51 

1.7 

1.7 

2.0 

Use 

Temperature 

300°C 

250°C 

>900°C 

>  1400°C 

400°C 

EFQ  -  Edge  Fed  Growth  Method 

LAPG  -  Laser  Assisted  Pedestal  Growth  Method 
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ZrF  Transmission  Cable  Optics  Table 


jure  4.1-3.  Schematic  of  FT-IR  Deposit  Monitor  System  with  Multiple  Path  Optical  Bench. 


fal  Interface  between  IR  Beam  Source  and  Transmission  Fiber  -  In  order  to  successfully  conduct 
IR  radiation  through  the  transmitting  fiber  (ZrF  fiber  in  this  case),  one  must  consider  the  fiber 
numerical  aperture,  which  is  a  measure  of  the  light  gathering  power  and  is  one  of  the  principal 
properties  of  a  fiber.  Figure  4.1  -2a  shows  radiation  transmitted  from  air  into  a  cladded  cylindrical 
fiber  and  reflecting  from  the  interface  at  the  critical  angle  6C ,  which  represents  the  smallest  angle  at 
which  total  internal  reflection  occurs.  The  fiber  acceptance  angle,  a,  is  determined  as  the 
maximum  angle  at  which  radiation  can  be  accepted  for  total  transmission  along  the  fiber. 

From  Snell’s  law  one  can  obtain: 


nQ  sin  a  =  (n,2  -  n22)* 


(4.1-1) 


where  nQ,  n1  and  n,  are  the  refractive  indices  of  air,  the  zirconium  fluoride  fiber  and  the  cladding 
material.  The  term  (n^  -  n22)  'h  is  called  the  numerical  aperture  (NA)  of  the  fiber  cable.  The 
zirconium  fluoride  fiber  cable  used  in  this  system  has  an  NA  of  0.21.  According  to  Eq.  4.1-1,  the 
fiber  acceptance  angle  a  can  be  determined: 

a  =  sin1  (NA/nJ  =  sin1  (0.21/1.0)  =  12.1°  (4.1-2) 

Since  the  IR  rays  emitted  from  the  spectrometer  are  collimated,  a  paraboloidal  reflector  is  required 
to  focus  the  IR  radiation  into  the  ZrF  fiber.  Figure  4.1 -2b  shows  the  ray-focusing  ability  of  a 
paraboloidal  reflector.  We  can  see  in  Fig.  4.1 -2b  that  all  rays  entering  the  reflector,  which  are 
parallel  to  the  axis  of  the  parabola,  will  be  reflected  to  a  focal  point  where  the  ZrF  fiber  end  will  be 
located. 

From  a  geometrical  calculation,  the  ray-collecting  angle,  oc,  shown  in  Fig.  4.1 -2b,  can  be 
determined: 


ac  -  2  tan'1  (hz/f)%  -  2  tan'1  (h0/f) %  (4.1-3) 

where  f  is  the  distance  from  the  focal  point  to  the  center  of  the  parabola,  and  hz  and  hb  are  the 
distances  along  the  axis  of  parabola  to  the  top  and  bottom  of  the  off-axis  paraboloidal  reflector, 
respectively.  There  are  criteria  for  the  selection  of  a  parboloidal  reflector.  They  are: 

•  ac  should  be  less  than  2 or,  i.e.,  24.2°  in  this  case,  so  that  all  the  collected  light  from  the 
spectrometer  can  be  accepted  for  total  transmission  along  the  fiber. 

•  The  ray  collection  width  of  the  reflector,  0,  should  be  as  wide  or  wider  than  the  beam  to 
be  focused.  The  beam  exit  KBr  window  of  our  Bomem  spectrometer  is  about  5  cm  in 
diameter,  and,  therefore,  0  should  be  no  less  than  5  cm. 

•  The  focal  distance,  d,  which  Is  the  distance  between  the  focal  point  and  the  reflector,  and 
perpendicular  to  the  axis  of  the  parabola,  should  be  minimal  to  reduce  dispersion  effects. 

The  above  requirements  led  to  selection  of  a  Melles  Groit  Type  02POA015  off-axis  paraboloidal 
reflector,  as  the  interface  between  the  IR  source  and  the  zirconium  fluoride  transmitting  fiber. 

lb)  Interface  between  ZrF  Transmission  Fiber  and  Sapphire  Sensor  Fiber  •  The  ZrF  transmission 
fiber  cable  is  not  able  to  connect  directly  with  the  sapphire  sensor  fiber,  since  they  have  different 
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sizes.  A  pigtail  type  coupler  provided  by  Foster-Miller,  Inc.  was  used  to  connect  the  ZrF  and 
sapphire  fibers.  A  detail  of  this  coupler  is  shown  in  Fig.  4.1-4.  The  pigtail  is  made  of  ZrF,  and  is 
about  25  cm  in  length  and  0.5  mm  in  diameter.  It  has  a  connecter  on  one  end  to  attach  the  ZrF 
fiber  cable.  The  other  bare  end  can  be  coupled  with  the  sapphire  fiber  by  using  a  metal  sleeve. 

The  tip  of  the  sapphire  fiber  was  cleaned  with  acetone  before  coupling,  in  order  to  obtain  good 
transmission  results. 

The  system  was  set  up  according  to  the  design  discussed  above.  It  was  demonstrated  that  this 
test  system  can  successfully  conduct  the  infrared  rays  emitted  from  the  spectrometer,  along  the 
optical  fibers,  and  obtain  a  distinct  signal  in  the  detector. 

Summery 

In  this  task,  a  jet  fuel  thermal  stability  probe  which  Incorporates  a  FT-IR/fiber  optic  system  was 
designed  and  constructed.  The  probe  is  made  of  1/4  inch  stainless  tubing  and  Swagelok  tube 
fittings.  A  sapphire  fiber,  which  was  between  12  and  15  inches  in  length  and  0.25  mm  in  diameter, 
is  used  as  an  ATR  sensor  in  the  probe.  A  zirconium  fluoride  fiber  cable  is  used  as  a  transmitting 
fiber  to  link  between  the  sensor  fiber  and  the  FT  IR  spectrometer  and  detector.  The  FT-IR 
spectrometer  used  was  a  Bomem  Michelson  100  with  an  Infrared  Associates  InSb  detector.  Using 
a  paraboloidal  reflector,  the  infrared  rays  emitted  from  the  spectrometer  can  be  focused  to  and 
totally  transmitted  along  the  zirconium  fluoride  fiber.  A  pigtail  type  of  connector  is  used  to  conduct 
the  infrared  rays  between  the  zirconium  fluoride  fiber  and  the  sapphire  fiber.  It  was  shown  that  this 
test  system  can  successfully  transmit  the  infrared  rays  from  the  spectrometer  through  the  optical 
fibers  to  obtain  distinct  signals  in  the  detector. 

4.2  Task  2  -  Design  and  Construction  of  a  QCM  Deposit  Probe 

Obltctlyf 

Design  and  construction  of  a  quartz  crystal  microbalance  (QCM)  for  on-line  monitoring  of  deposit 
formation  and  growth. 

MtthQdQlogy 

Introduction  -  A  QCM  was  constructed  for  in  situ  measurements  of  the  deposits  that  form  in  jet 
fuels  as  a  result  of  thermal  stress.  This  measurement  technique  uses  a  piezoelectric  device,  first 
designed  and  built  by  Robinson  and  Smedley  (61)  and  known  as  the  Smedley  viscometer.  While  it 
was  designed  as  a  viscometer,  its  use  as  a  mass  detector  has  been  illustrated  in  several 
publications  and  it  uses  the  same  principle  as  the  mass  detectors  used  in  silicon  chip  technology 
(61).  The  advantage  of  the  QCM  constructed  for  this  program  is  that  the  sensitive  quartz 
piezoelectric  crystals  are  remote  from  the  fluid,  and  only  the  rugged  probe  is  in  contact  with  the 
fluid.  The  device  can  therefore  be  used  over  a  wider  range  of  conditions  and  can  be  used  to 
examine  the  effect  of  probe  surface  composition. 

Principle  of  the  Quartz  Crystal  Microbalance  (QCM)  -  The  Smedley  viscometer  is  based  on  the 
principle  that  the  frequency  of  a  pair  of  coupled  torsionally-vibrating  quartz  crystals  will  be  affected 
by  the  viscosity  of  the  medium  into  which  they  are  immersed  (Figure  4.2-1).  The  advantage  of 
having  a  pair  of  coupled  crystals  is  that  the  system  can  be  driven  to  always  oscillate  at  its  resonant 
frequency,  which  can  be  measured  to  high  accuracy  with  a  frequency  counter.  When  only  a  single 
crystal  Is  used,  one  must  either  scan  over  a  frequency  range  to  determine  the  frequency  with 
minimum  impedance  or  use  sophisticated  network  analyzers  to  locate  the  resonant  frequency. 
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The  resonant  frequency  will  also  be  affected  if,  instead  of  the  crystals,  a  probe  rod  that  is  directly 
attached  to  them  is  immersed  in  the  medium.  The  torsional  oscillations  set  a  series  of  nodes  and 
antinodes  along  the  entire  length  of  the  system  (i.e.,  crystals  and  the  probe  rod).  Changes  in  the 
mass  of  the  probe  due  to  deposit  formation  as  well  as  formation  of  a  viscous  film  on  the  probe  will 
also  affect  the  resonant  frequency  of  the  crystal-probe  assembly.  The  change  in  resonant 
frequency  Af  caused  by  a  mass  increase  Am  is  given  by  the  relationship: 

Af  =  -2^  Am  /  A  (jjp)*  (4.2-1) 

where  A  is  the  area,  p  is  the  shear  modulus  and  p  is  the  density  of  quartz 

Because  there  is  no  displacement  at  the  nodes,  it  is  possible  to  weld  the  probe  rod  at 
the  nodes,  and  thereby  provide  a  means  of  sensing  changes  in  a  fluid  at  high  pressures 
and/or  temperatures. 

Bisuisa 

initial  tests  were  conducted  using  the  existing  viscometer  and  frequency  counting  electronics.  The 
cup  that  held  the  fluid  was  modified  with  a  Confiat  flange  cover  to  operate  at  pressures  up  to  700 
psi.  The  cup  was  placed  inside  a  heater  and  the  frequency  as  well  as  the  drive  voltage  required 
were  monitored  as  the  system  was  heated.  A  schematic  of  the  system  is  shown  in  Fig.  4.2-2.  The 
results  of  the  first  few  shake-down  tests  are  given  in  Table  4.2-1 . 

The  system  worked  without  leaks  and  the  crystals  remained  glued  together. 

The  resonant  frequency  decreased  about  1%  when  the  system  was  heated  to  300  *C  in  air,  due 
primarily  to  the  temperature  coefficient  of  the  crystal.  This  change  was  reproduced  upon 
subsequent  cooling  and  reheating  the  following  day.  An  old  sample  of  JP-5  was  used  for  the  next 
series  of  tests.  Upon  heating  to  300  *C,  the  frequency  again  drops  relative  to  the  room 
temperature  value,  this  time  to  a  significantly  lower  value  than  obtained  without  the  fuel  (i.e.,  in  air 
alone).  The  sample  was  cooled  and  reheated  again  the  following  day.  Essentially  identical 
frequencies  were  obtained  for  the  room-temperature  readings,  although  at  300  ‘C  the  second  day’s 
reading  was  noticeably  higher.  These  data  are  consistent  with  the  formation  of  a  viscoelastic  film. 
After  emptying  the  cup,  the  probe  rod  was  examined  and  it  showed  signs  of  a  thin  film. 

These  first  tests  illustrated  the  need  for  several  improvements.  In  these  experiments,  the  oil  and 
the  probe  are  heated  but  the  quartz  crystals  remain  close  to  ambient  temperature.  However, 
because  temperature  has  a  strong  influence  on  the  resonant  frequency,  the  crystals  were  insulated 
and  their  temperature  was  monitored.  Additionally,  the  drive  crystals  were  insulated  and  their 
temperature  was  monitored  with  a  separate  thermocouple.  Finally,  the  drive  crystal  was 
incorporated  into  a  crystal-controlled  oscillator  to  ensure  constant  operation  at  resonance,  and  an 
interface  was  built  for  computerized  data  acquisition. 
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Table  4.2-1. 


VARIATION  OF  DRIVE  VOLTAGE  AND  RESONANT  FREQUENCY 
WITH  MEDIUM,  TEMPERATURE,  AND  TIME 


Medium 

Temperature 
<°  C) 

Drive  Voltage 

00 

Resonant  Frequency 
(kHz) 

Air 

Test  1 

24 

10.75 

40.455 

300 

9.69 

40.066 

Test  2 

300 

9.90 

40.069 

JP-5 

Test  1 

24 

9.62 

40.463 

300 

11.66 

40.013 

Test  2 

23 

9.756 

40.467 

300 

11.3 

40.030 

Air 

Test  3 

24 

9.78 

40.460 

15 


Figure  4.2-1.  Quartz  Crystal  Oscillator  with  Probe 
Attached. 
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Further  teste  were  conducted  using  the  Shell  Jet  A  fuel  and  heating  it  to  400  *C.  The  fuel  was 
obtained  from  Wright  Laboratory.  Figure  4.2-3  shows  a  typical  time-temperature  plot.  It  shows  that 
the  system  heats  up  in  about  30  min  and  stays  at  the  set  temperature.  Figure  4.2-4  shows  the 
changes  in  frequency  with  time  for  a  blank  run  and  a  run  with  the  Shell  Jet  A  fuel.  The  ratios  of  the 
frequencies  are  shown  in  Fig.  4.2-5  After  an  initial  excursion,  which  is  largely  due  to  temperature 
mismatch  between  blank  and  fuel  runs,  the  ratio  of  frequencies  settles  at  about  1.008.  In  other 
words,  in  the  presence  of  the  fuel,  the  frequency  was  about  0.8%  lower.  Results  from  a  second 
experiment  are  shown  in  Fig.  4.2-6  In  this  case,  the  final  ratio  is  about  0.6%  lower  with  the  fuel. 

The  next  experiment  was  conducted  using  the  Sun  Jet  A-1  fuel.  However,  during  this  run,  the  joint 
between  the  rod  and  the  vessel  failed  and  the  experiment  had  to  be  aborted.  Upon  closer 
examination,  the  brazed  joint  at  the  probe  rod  node  appears  to  have  been  leaking  fuel,  and  under 
pressure  and  repeated  heating/cooling  cycles,  failed  due  to  shear  stress.  As  a  consequence  of 
the  failure,  the  entire  crystal  assembly  was  shattered,  and  a  new  assembly  had  to  be  fabricated  for 
the  flow  cell,  as  discussed  in  Section  4.3. 

Summary 

Initial  static  cell  tests  were  conducted  using  the  existing  viscometer.  Based  on  the  these  tests, 
several  Improvements  were  made  to  the  QCM  probe.  Further  tests  were  then  conducted  under 
static  conditions  using  the  Shell  Jet  A  fuel.  Finally,  the  static  QCM  probe  was  adapted  so  it  could 
be  incorporated  into  the  advanced  FSTS. 

4.3  Task  3  -  Integration  and  Testing  of  On-Line  Diagnostics 
QfeMVP 

Installation  and  testing  of  the  on-line  diagnostics  developed  in  Tasks  1  and  2  on  a  previously 
developed  Fuel  Stability  Test  System  (FSTS). 

Mrthptoidgy 

The  fiber  optic  probe  and  the  QCM  were  incorporated  into  the  Fuel  Stability  Test  System 
developed  under  a  previous  contract  (17)  and  shown  in  Fig.  4.3-1.  The  44  inch  long  heated 
reactor  tube  with  a  wire  deposit  probe  was  replaced  with  the  sensors  developed  in  Tasks  1  and  2. 
These  sensors  were  installed  in  parallel  so  that  the  system  could  be  operated  using  either  the  QCM 
probe  or  the  fiber  optic  probe. 

It  has  been  found  that  the  optical  properties  of  sapphire  fiber  vary  with  temperature  (63,64).  Since 
the  jet  fuel  thermal  stability  tests  were  performed  under  nonisothermal  conditions  using  a  sapphire 
fiber  as  the  ATR  sensor,  the  temperature  effect  on  the  optical  property  of  the  sapphire  fiber  was 
studied  by  obtaining  spectra  in  air  at  different  temperatures. 

In  previous  work  (63),  the  spectra  of  benzene,  toluene,  o-cresol,  tetralin,  and  benzylmethylamine 
were  obtained  using  a  sapphire  fiber  optic  probe.  By  comparing  these  spectra  to  ones  in  standard 
reference  libraries,  the  diagnostic  capabilities  of  the  sapphire  fiber  optic/ ATR  probe  were 
established.  In  addition,  the  higher  temperature  spectra  of  o-cresol  and  tetralin  were  obtained  and 
analyzed,  in  order  to  demonstrate  that  the  thermal  decomposition  behavior  of  a  pure  compound 
could  be  followed.  Some  of  these  results  were  included  in  this  section  in  order  to  demonstrate  the 
capabilities  of  the  system. 
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Figure  4.2-3.  Typical  Time-Temperature  Plot  for  SRI  QCM  Test  Cell. 


Figure  4.2-4.  Change  in  Frequency  with  Time  for  a  Blank  (air)  Run  and  a 
Run  with  Shell  Fuel  Heated  to  400°C. 
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Figure  4.2*5.  Ratio  of  Frequency  Changes  for  Blank  (air)  and  Shell  Fuel 
Runs  using  Data  from  Fig.  4.2-4. 
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Figure  4.2-6.  Ratio  of  Frequency  Changes  with  Time  for  Repeat  Blank 
(air)  and  Shell  Fuel  Runs. 


Pressure  Monitor 


Figure  4.3-1.  Schematic  of  First  Generation  Fuel  Stability  Test  System  (FSTS). 
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Fuel  Stability  Test  System  (FSTS)  -  The  QCM  and  fiber  optic  probe  were  incorporated  into  a 
previously  developed  Fuel  Stability  Test  System  (FSTS)  (17).  The  system  was  assembled  from 
relatively  low  cost,  modular,  high  pressure  liquid  chromatography  (HPLC)  components.  Figure  4.3- 
1  is  a  schematic  of  the  previously  developed  FSTS  and  Fig.  4.3-2  is  a  simplified  schematic  of  the 
advanced  FSTS  with  parallel  QCM  and  FT-IR  fiber-optic  probes. 

The  jet  fuel  was  stored  in  an  HPLC  reservoir  with  a  multi-valved  cap.  To  remove  any  dissolved 
oxygen  from  the  jet  fuel,  the  fuel  was  sparged  with  nitrogen  and  then  stored  in  a  nitrogen 
environment.  Prior  to  starting  a  test,  the  fiber  optic  reactor  tube  was  purged  with  air  and  reference 
spectra  were  obtained  for  the  sapphire  at  different  temperatures. 

A  HPLC  pump  was  used  to  meter  the  jet  fuel  at  0.75  ml/min  from  the  reservoir  through  a  5-micron 
fritted  glass  filter.  At  the  outlet  of  the  pump,  a  pressure  transducer  measured  the  fuel  pressure 
which  ranged  from  600  to  1 100  psig.  The  jet  fuel  can  then  be  directed  either  through  the  QCM  or 
the  fiber  optic  probe  which  were  plumbed  in  a  parallel  flow  configuration.  This  setup  enabled  the 
data  from  both  probes  to  be  directly  compared  when  exposed  to  the  same  test  conditions.  The 
fuel  residence  time  in  the  hot  zone  of  each  probe  was  approximately  1 .7  minutes.  Both  reactor 
tubes  were  insulated  and  heated  directly  using  an  AC  power  supply.  Three  thermocouples  located 
at  3  3/4  inches,  5  1/2  inches,  and  7  inches  from  the  fuel  inlet  measured  the  outside  wall 
temperature.  The  control  thermocouple  was  located  5  1/2  nches  from  the  fuel  inlet  and  the 
desired  tube  temperature  was  maintained  by  regulating  the  r  cwer  supply  voltage.  Figure  4.3-3a 
presents  the  wall  temperature  profile  at  different  control  thermocouple  temperatures.  To  determine 
the  jet  fuel  temperature  profile,  the  fiber  optic  probe  was  replaced  with  a  thermocouple  and  the  jet 
fuel  temperature  was  measured  at  4  locations.  The  jet  fuel  temperature  profile  at  different  control 
thermocouple  temperatures  is  presented  in  Fig.  4.3-3b. 

After  the  fuel  was  thermally  stressed,  it  could  either  be  passed  through  a  2-micron  filter  or  pumped 
directly  to  the  Spectra  Tech  circle  cell.  The  circle  cell  was  a  high  pressure  (1500  psig)  version 
which  was  also  equipped  with  a  high  temperature  jacket  for  operation  at  elevated  temperature  (250 
°C).  However,  the  current  design  could  not  operate  at  high  temperature  and  high  pressure 
simultaneously.  The  cell  volume  was  about  3  ml  and  was  Installed  with  a  ZnSe  crystal  which  was 
the  best  general  purpose  crystal  for  our  application.  Due  to  the  heat  loss  from  the  jet  fuel,  the 
spectra  obtained  from  the  circle  cell  was  close  to  ambient  temperature.  It  was  proposed  that  a 
Buck  Scientific  1.5  mm  transmission  cell  would  be  located  in  series  with  the  circle  cell.  The 
transmission  cell  is  limited  to  low  pressure  operation,  but  was  modified  to  withstand  the  high 
pressure  operating  conditions.  However,  during  system  check  out,  the  transmission  seal  failed 
when  exposed  to  the  600-1100  psig  test  conditions.  In  Phase  II,  it  will  be  determined  if  the 
carbonyl  Information  provided  by  the  transmission  cell  Is  important  for  measuring  or  monitoring  fuel 
stability.  The  jet  fuel  pressure  was  then  reduced  to  ambient  pressure  after  passing  through  a  600 
psig  back  pressure  regulator. 

To  collect  sequential  spectra  from  the  fiber  optic  probe  and  the  circle  cell  at  the  same  test 
conditions,  the  end  of  the  zirconium  fluoride  fiber  and  the  circle  cell  were  mounted  on  a 
translational  table.  A  stepping  motor  along  with  a  logic  circuit  moved  the  table  so  that  the  infrared 
beam  was  either  focused  through  the  circle  cell  or  into  the  end  of  the  zirconium  fiber.  The  optical 
box  was  enclosed  and  purged  with  dry  air  to  ensure  that  the  moisture  in  the  ambient  air  did  not 
interfere  with  the  single  beam  spectra.  A  schematic  of  the  multiple  path  optical  bench  is  shown  in 
Fig.  4.1-3. 
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Figure  4.3-2.  Modified  Reactor  for  Jet-Fuel  Thermal  Stress  Measurements. 
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Figure  4.3-3.  Temperature  Profile  for  a)  Wall  and  b)  Jet  Fuel  for  Experiments  done  at 
Different  Control  Temperatures. 
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At  the  conclusion  of  each  test,  the  fiber  optic  probe  or  the  QCM  probe  was  purged  with  dry  air. 

The  probe  was  removed  from  the  reactor  tube  and  cleaned  of  any  deposits  using  a  cotton  tipped 
applicator  with  acetone  or  isopropanol. 

F-O/ATR  of  Sapphire  Fiber  -  Certain  samples  absorb  too  strongly  to  allow  infrared  transmittance 
spectra  to  be  obtained.  For  example,  liquid  hydrocarbon  streams  are  highly  absorbing  and  are 
difficult  to  analyze  by  an  infrared  transmittance  technique.  The  use  of  a  fiber  optic  as  an  ATR 
element  has  provided  the  possibility  of  transmitting  the  IR  light  through  a  jet  fuel  stream  at  high 
temperature  and  high  pressure  conditions. 

Normally,  infrared  radiation  exiting  from  a  transparent  element  is  partially  reflected.  However,  if  the 
angle  of  incidence  of  the  infrared  radiation  is  sufficiently  large  (say,  larger  than  the  critical  angle), 
the  radiation  will  be  totally  reflected.  This  element  can  then  be  called  an  internal  reflection  element 
(IRE).  The  critical  angle  for  total  reflection  is  determined  by  the  refractive  indices  of  the  IRE  and  the 
sample  In  contact  with  the  element.  According  to  the  law  of  refraction,  the  critical  angle  is  given  as: 
dc  «  sin'^g/np,  where  np  and  ns  are  the  refractive  indices  of  the  IRE  and  the  sample,  respectively. 

If  a  less  dense  and  partially  transmitting  sample  (i.e.,  with  a  smaller  refractive  index)  is  placed  in 
contact  with  an  IRE,  the  radiation  can  pass  a  short  distance  into  the  sample  as  a  so-called 
evanescent  wave.  The  totally  reflected  radiation  will  be  partially  absorbed  by  the  sample.  By 
analyzing  the  spectra  of  the  partially  absorbed  infrared,  one  can  determine  the  chemical  structure 
of  the  sample.  This  technique  is  called  Attenuated  Total  Reflectance  (ATR)  spectroscopy  (65,66). 

A  fiber  optic  with  the  cladding  removed  can  serve  as  the  IRE.  In  Task  1 ,  it  was  decided  to  use  a 
sapphire  fiber  as  the  IRE,  since  it  can  withstand  the  high  temperature  and  high  pressure  conditions 
in  a  jet  fuel  system.  Some  important  chemical  and  physical  properties  of  sapphire  are  shewn  in 
Table  4.3*1. 


In  ATR  spectroscopy,  the  depth  of  penetration  (dp)  of  the  evanescent  wave  into  the  sample  is 
defined  as  the  distance  at  which  the  intensity  of  evanescent  wave  reaches  1  /e  times  its  value  at  the 
sample-element  interface.  dp  is  given  by: 


2jtrjp(sin2e-r?£)1'2 


(4.3*1) 


where  A  =  wavelength  of  the  radiation 
6  =  angle  of  incidence 

n«/np 


Since  np  varies  little  with  temperature  and  n8  is  a  decreasing  function  of  temperature,  d  would 
decrease  with  temperature.  This  indicates  that  the  absorbance  of  the  radiation  by  the  sample 
would  decrease  with  temperature. 
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Table  4.3-1.  TYPICAL  PROPERTIES  OF  SAPPHIRE  (64) 


GENERAL 

Chemical  Formula:  A1j0, 

Crystallographic  Structure:  RhombohedraJ  Single  Crystal 

PHYSICAL/MECHANICAl - — 

Density:  0.143  lb/ln3  (3.97  gm/cm3) 

Specific  Gravity:  3.97 

Tensile  Strength:  60,000  PSI  (approx.-design  min.)  (at  25  °C) 

39,000  PSI  (approx.-design  min.)  (at  500  °C) 

51,000  PSI  (approx.-design  min.)  (at  1,000  °C) 

Compressive  Strength:  350,000  PSI 
Young's  Modulus:  51  x  10*  PSI  (at  25  °C) 

Modulus  of  Rupture:  67,000  to  95,000  PSI 
Modulus  of  Rigidity:  25  x  10s  PSI 
Bulk  Modulus:  33  x  10® 

Poisson's  Ratio:  0.28-0.33 

Hardness:  9  MOHS,  1800  Knoop  parallel  to  C-axis 

2200  Knoop  perpendicular  to  C-axis 
Coefficient  of  Friction:  0.15  against  steel 
Porosity:  0 

THERMAL - 

Melting  Point:  2053  °C 

Maximum  Operating  Temperature:  2000  °C 

Thermal  Coefficient  of  Expansion: 

5.3  x  10®/°C  parallel  to  C-Axis  (at  25  °C) 

4.5  x  10®/°C  perpendicular  to  C-Axis  (at  25  °C) 

Thermal  Conductivity:  0.066  cal/sec  -  cm  °C 
SpecMIc  Heat  0.12  cal/gm  (at  25  °C) 

Heat  Capacity  77.8  Joules/deg.  mole 

OPTICAL - 

Transmission:  Up  to  96.5%  total  transmission  as  measured  by  Integrating  sphere  method. 

Index  of  Refraction:  (Birefringent)  No:  1.768  (sodium  D  line) 

Ne:  1.760  (sodium  D  line) 

Emittance  <0.02  at  8B0  °C  where  A  -  2.6  to  3.7  micron 
Thermal  Optic  Coefficient  (dn/dT):  13  x  10"*  °C  (visible) 

CHEMICAL - - - - - 

Add  Resistance:  Resistant  to  all  acids  at  room  temperature. 

Some  etching  occurs  with  boiling  phosphoric  acid. 

Weathering  Resistance:  Not  affected  by  exposure  to  any  atmospheric  phenomenon,  including  industrial  pollution. 

Salt  water  Resistance:  Not  affected  by  salt  water. 

Resists  the  growth  of  salt  water  algae. 

Medical:  Non-thrombogenic.  Not  affected  by  body  fluids. 
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According  to  Eq.  (4.3-1),  the  ratio  of  dp  at  two  different  temperatures  can  be  written  as: 


df,  [sine-[(nw)J!j 

assuming  np  is  constant  with  temperature. 


It  should  also  be  noted  that  transmittance  o*  infrared  radiation  would  be  attenuated  in 
the  fiber  by  an  amount  (62): 


I  -  l0  e’1*  (4.3-3) 

where,  y,  is  the  absorption  coefficient  per  unit  length  of  fiber,  z. 

Dara  in  Fig.  4.3-4a,  which  was  provided  by  Saphikon,  Inc.,  show  that  the  absorption  coefficient  of  a 
sapphire  fiber  varies  with  temperature.  This,  of  course,  would  result  in  the  variation  of  transmission 
In  a  sapphire  fiber  with  temperature.  Figure  4.3-4b,  which  is  also  provided  by  Saphikon,  Inc., 
shows  that  infrared  transmission  in  sapphire  decreases  with  temperature  for  wavelengths  higher 
than  3.5  //m  in  the  temperature  range  of  our  concern  (<500  °C).  Since  the  data  shown  in  Fig.  4.3- 
4a  are  measured  for  sapphire  fibers  of  a  different  size  from  those  used  in  this  study,  it  is  necessary 
to  construct  a  calibration  curve  at  different  temperatures,  similar  to  Fig.  4.3-4b,  for  our  system. 

Transmittance  spectra  in  air  at  different  reactor  temperatures  were  taken,  and  the  results  are  shown 
in  Fig.  4.3-5.  It  shows  that  the  transmittance  through  the  sapphire  fiber  decreases  with  temperature 
for  wavenumbers  lower  than  approximately  3000  cm'1,  but  increases  with  temperature  at  higher 
temperatures.  These  spectra  were  used  as  a  reference  set  for  jet  fuel  experiments  at  corresponding 
temperatures.  It  is  also  of  interest  to  see  the  transmittance  spectra  for  various  optical 
configurations.  Figure  4.3-6  shows  that  the  transmittance  is  significantly  attenuated  by  the 
zirconium  fluoride  pigtail  and  the  sapphire  fiber  sensor  in  the  test  cell.  However,  the  signal  is  still 
strong  enough  with  both  the  pigtail  and  sensor  coupled,  to  allow  useful  information  to  be  obtained. 
This  will  be  demonstrated  in  the  following  section. 

Sapphire  Fiber-Optic  (F-OJ/ATR  Spectra  of  Reference  Compounds  -  Since  it  was  decided  to 
use  a  sapphire  fiber  as  the  sensor  in  the  reactor,  the  information  below  2500  cm'1  in  the  infrared 
spectrum  was  cut  out.  However,  significant  amounts  of  chemical  structural  information  can  still  be 
determined  in  the  wavenumber  range  of  2500  cm'1  to  4000  cm 

Important  bands  that  can  be  obtained  in  the  infrared  spectrum  using  sapphire  fiber  optics  are 
summarized  in  Fable  4.3-2. 

In  a  previous  study  (S3),  reference  compounds  were  used  to  validate  the  fiber  optic  system.  The  F- 
O/ATR  spectra  of  benzene,  toluene,  o-cresoi,  benyimethylamine,  and  tetralin  were  obtained  and 
compared  with  the  Aldrich  Library  spectra. 
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Figure  4.3-4.  a)  Absorption  Coefficient  of  Sapphire  at  Different  Temperatures, 
b)  Infrared  Transmission  of  Sapphire  at  Different  Temperatures.  Data  are  from 
Saphikon,  Inc. 


Figure  4.3-5.  Infrared 
F-O/ATR  Spectra  in  Air  at 
Different  Temperatures, 
using  15"  Sapphire  Sensor. 


Figure  4.3-6.  Spectra 
for  Various  Optical 
Configurations  (in  air). 


Figure  4.3-7  shows  the  infrared  transmission  spectra  from  F-O/ATR  spectroscopy  for  benzene  and 
toluene  at  room  temperature.  Three  aromatic  C-H  stretching  peaks  in  the  region  of  3000-3100 
cm*1  are  dearly  shown  in  both  the  benzene  and  toiuene  spectra.  The  toluene  spectrum  also 
shows  aliphatic  C-H  stretching  in  the  region  of  2800-3000  cm*1.  The  Aldrich  Library  spectra  are 
also  shown  for  comparison.  It  can  be  seen  that  the  infrared  spectra,  in  the  C-H  stretching  region 
(3100-2800  cm*1),  obtained  from  F-O/ATR  spectroscopy  in  this  study  are  in  excellent  agreement 
with  the  standard  spectra  from  the  Aldrich  Library. 

Since  the  chemical  species  in  the  jet  fuel  are  mainly  hydrocarbon  compounds,  information  from  the 
C-H  stretching  region  is  very  valuable  in  understanding  the  thermal  stability  of  the  jet  fuel.  The 
results  shown  In  Fig.  4.3-7  indicate  that  this  F-O/ATR  spectroscopy  system  has  the  ability  to  obtain 
information  on  C-H  bonds  for  jet  fuel. 

Figure  4.3-8  shows  the  infrared  transmission  spectra  from  F-O/ATR  spectroscopy  for  o-cresol  and 
benzylmethylamine  at  room  temperature,  while  Fig.  4.3-9a  shows  the  spectrum  for  tetralin 
(1,2,3,4-Tetrahydronaphthalene).  The  structures  of  these  three  compounds  are  also  shown  in  Figs. 
4.3-8,  and  4.3-9a.  The  spectra  of  ail  three  compounds  show  aromatic  and  aliphatic  C-H  stretching 
in  the  region  of  3100-2800  cm'1.  However,  there  is  an  additional  peak  at  2780  cm'1  shown  in  the 
benzylmethylamine  spectrum.  This  peak  represents  the  methyl  C-H  stretching  in  a  methyiamine 
compound.  In  addition  to  the  C-H  stretching,  the  spectra  of  o-cresol  and  benzylmethlamine  show 
absorbances  at  higher  wavenumbers.  The  strong  absorbance  at  3200-3600  cm*1  in  the  cresol 
spectrum  represents  hydroxyl  O-H.  The  absorbance  at  3300-3400  cm*1  in  the  benzylmethylamine 
spectrum  represents  amine  N-H  stretching.  As  compared  with  the  Aldrich  Library  spectra,  the  F- 
O/ATR  spectroscopy  system  again  demonstrates  the  ability  to  obtain  reliable  chemical  structure 
information,  including  C-H,  O-H  and  N-H  groups. 

Figures  4.3-7  and  4.3-8  show  that  the  F-O/ATR  spectroscopy  system  is  able  to  obtain  reliable 
chemical  information  in  the  mid-infrared  region  for  wavenumbers  higher  than  2500  cm'1.  For 
wavenumbers  higher  than  3600  cm*1  and  extended  to  about  12,500  cm*1,  there  are  many 
absorption  bands  resulting  from  harmonic  overtones  of  fundamental  bands  and  combination  bands 
often  associated  with  hydrogen  atoms.  Since  the  information  below  2500  cm*1  would  be  cut  out  by 
using  sapphire  as  the  sensor  fiber,  the  absorption  information  from  harmonic  overtones  at  high 
wavenumbers  may  be  valuable  for  this  system.  The  overtone  infrared  spectra  have  not  been  well 
studied  in  the  literature.  However,  we  observe  some  interesting  overtone  absorption  in  the  spectra 
of  some  model  compounds.  Figure  4.3-9b  shows  the  harmonic  overtone  absorptions  for  benzene 
and  toluene.  The  harmonic  overtones  for  jet  fuels  will  be  further  studied  in  Phase  II. 

The  above  results  have  demonstrated  that  the  test  cell  with  a  F-O/ATR  element  can  obtain  reliable 
spectra  for  several  reference  compounds.  However,  these  spectra  were  all  taken  isothermally  at 
room  temperature.  Non-isothermal  experiments  were  carried  out  for  o-cresol,  and  the  chemical 
structure  changes  in  the  reaction  system  were  monitored  by  the  F-O/ATR  sensor.  The  infrared 
spectra  of  o-cresol  from  F-O/ATR  spectroscopy  at  different  temperatures  are  shown  in  Fig.  4.3-10. 

It  can  be  seen  from  the  spectra  that  the  infrared  absorbance  decreases  with  temperature.  This 
result  Is  expected,  since  the  depth  of  penetration  of  the  infrared  evanescent  wave  into  the  sample 
decreases  with  temperature,  as  discussed  above  (see  equation  4.3-2).  From  Fig.  4.3-10,  one  can 
observe  the  chemical  structure  changes  of  o-cresol  with  temperature,  especially  in  the  O-H 
stretching  region.  The  results  show  the  shift  of  O-H  stretching  toward  higher  wavenumbers  with 
increasing  temperature.  This  is  consistent  with  the  nported  results  (67)  that  hydrogen-bonded  O-H 
groups  have  infrared  absorptions  at  lower  wavenumbers  around  3400  cm*1  and  monomeric  O-H 
groups  have  absorptions  at  higher  wavenumbers  around  3600  cm*1.  Figure  4.3-10  supports  the 
conclusion  that  thermal  treatment  of  o-cresol  weakens  H-bonding  on  the  hydroxyl  groups  to 
generate  more  monomeric  hydroxyl  groups  at  higher  temperature.  However,  as  discussed  above, 
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Figure  4.3-7.  Infrared  Spectra  from  F-O/ATR  Spectroscopy  Compared  with  Aldrich 
Library  Spectra,  a)  Benzene;  b)  Toluene  (63). 
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Figure  4.3-8.  Infrared  Spectra  from  F-O/ATR  Spectroscopy  Compared  with  Aldrich 
library  Spectra,  a)  o-Cresol;  b)  Benzylmethylamine  (63). 
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Figure  4.3-9.  a)  Tetralin  Infrared  Spectra  from  F-O/ATR  Spectroscopy  Compared  with 
Aldrich  Library  Spectra;  b)  Absorption  Bands  from  Harmonic  Overtones  of  Benzene  and 
Toluene  (63). 
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the  contributions  of  changes  in  the  optical  system  with  temperature  must  also  be  considered  when 
interpreting  spectral  changes. 

Nonisothermal  experiments  were  also  performed  using  tetralin  in  a  previous  study  (63).  Figure  4.3- 
1 1  shows  the  tetralin  absorbance  spectra  in  the  C-H  stretching  region  at  different  temperatures. 
Since  tetralin  does  not  contain  oxygen  functional  groups,  the  focus  of  the  analysis  was  on  the  C-H 
stretching  region.  Since  tetralin  is  nearly  inert  under  these  conditions,  the  reduction  in  absorbance 
is  primarily  due  to  the  reduction  in  the  penetration  depth  of  the  IR  light  with  temperature. 
Consequently,  it  should  be  noted  that  the  formation  of  a  deposit  layer  from  jet  fuel  on  the  sapphire 
will  be  superimposed  on  a  general  decline  in  absorbance  in  the  case  of  a  nonisothermal 
experiment. 

Designing  a  Row  Ceil  for  the  QCM  -  The  final  design  for  the  flow  cell  configuration  is  shown  in 
Fig.  4.3-12.  The  primary  constraint  of  the  design  is  the  need  to  use  a  y*  inch  diameter  tube  fitting 
to  connect  the  QCM  to  the  advanced  FSTS.  In  addition,  since  the  flowing  fuel  must  be  exposed  to 
the  full  length  of  the  probe  rod,  and  must  then  be  allowed  to  exit  the  system,  the  final  design  had 
to  incorporate  the  large  central  fitting  shown  in  Fig.  4.3-12.  This  fitting  is  designed  to  provide  the 
fuel  with  a  flow  path  of  nearly  constant  cross  sectional  area  so  that  a  constant  flow  rate  and 
pressure  can  be  maintained.  Both  the  fuel  entrance  and  exit  ports  are  part  of  the  male  half  of  the 
fitting,  while  the  probe  rod  is  rigidly  welded  onto  the  mating  section.  The  two  sections  are  sealed 
with  a  soft  copper  gasket  and  knife  edges  on  both  mating  halves.  The  removable  probe  rod 
section  also  provides  a  mount  for  the  crystals.  Because  the  entire  length  of  the  QCM  (probe  rod 
and  crystals)  is  supported  at  only  the  single  node  within  the  fitting,  the  preferred  mounting 
orient? t ion  for  this  instrument  is  vertical.  Operation  in  a  horizontal  position  should  be  possible 
provided  that  the  undue  strain  on  the  welded  node  joint  can  be  avoided.  In  future  designs,  a 
second  support  point  couid  be  located  along  the  probe  rod  at  one  of  its  other  nodal  positions. 

The  new  method  of  attaching  the  probe  rod  nodal  point  to  the  support  structure  should  eliminate 
the  shear  stresses  that  resulted  in  failure  of  the  earlier  prototype  device. 

The  stability  of  the  QCM  detector  was  tested  by  reviewing  it  overnight  and  monitoring  the 
frequency.  Rgure  4.3-13  shows  the  data  from  this  run.  As  can  be  seen,  the  frequency  was 
remarkably  constant  over  this  period.  For  a  short  while  (after  about  5  hours  runtime)  the  data 
acquisition  sysyem  quit  for  an  unknown  reason.  There  was  also  one  data  point  corresponding  to  a 
very  high  frequency.  Except  for  these  glitches,  the  system  worked  remarkably  well  under 
isothermal  conditions  at  room  temperture.  Data  from  a  run  in  which  the  QCM  was  tested  with 
heated  air  is  shown  in  Fig.  4.3-14.  The  frequency  of  the  QCM  decreased  upon  heating  and  the 
system  operated  quite  smoothly  during  this  run.  Unfortunately,  with  the  current  system,  the  probe 
could  not  be  heated  much  above  100  °C  with  only  air  flowing.  As  shown  below,  in  the  presence  of 
flowing  fuel,  the  probe  could  be  heated  to  above  350  °C. 

Summary 

The  fiber  optic  probe  and  the  QCM  were  integrated  into  the  FSTS.  The  F-O/ATR  spectroscopy 
system  using  a  sapphire  fiber  as  a  sensor  was  discussed.  From  theory,  it  was  concluded  that  the 
depth  of  penetration  of  an  evanescent  wave  into  the  sample  decreases  with  temperature,  which 
would  cause  a  corresponding  decrease  in  the  infrared  absorbance.  It  was  previously  found  that 
the  infrared  transmittance  attenuation  in  a  sapphire  fiber  varies  with  temperature  and  wavenumber. 

Spectra  in  air  at  different  temperatures  were  taken  and  served  as  backgrounds  for  other 
experiments.  The  ability  of  F-O/ATR  spectroscopy  to  obtain  reliable  chemical  information  was 
demonstrated  by  the  excellent  agreement  between  spectra  obtained  from  a  similar  test  cell  for 
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1/16"  ID  tube 


Figure  4.3-12.  Outline  drawing  of  the  QCM  flow  cell  mounting  configuration. 
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Figure  4.3-13.  QCM  Frequency  Data  from  an  Overnight  Test  Run  at  Ambient 
Temperatures. 
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Figure  4.3-14.  Data  from  a  Test  Run  with  Heated  Air  Flowing  Over  the  QCM  Probe. 
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benzene,  toluene,  o-cresol,  benzylmethyiamine,  and  tetralin  and  standard  reference  spectra.  The 
results  for  non-isothermal  experiments  for  o-cresol  and  tetralin  show  that  sapphire  F-O/ATR 
spectroscopy  can  monitor  chemical  reactions  in-situ  over  a  wide  range  of  temperatures  and  at 
relatively  high  pressures  (500-700  psig). 

The  flow  version  of  the  QCM  was  tested  in  air  and  was  found  to  be  fairly  stable  in  flowing  air  at 
room  temperature  and  at  temperatures  of  about  100  °C. 

4.4  Task  4  -  Demonstration  of  the  Advanced  FSTS  Over  a  Range 
of  Fuel  Stressing  Conditions 

Objective 

Demonstration  of  the  ability  of  the  improved  FSTS  to  monitor  surface  deposits  formed  from  jet  fuel 
by  doing  experiments  over  a  range  of  fuel  stressing  conditions. 

Methodology 

FT-IR  Based  Deposit  Monitors  -  Two  different  jet  fuels  were  thermally  stressed  over  a  range  of 
conditions.  The  fuel’s  thermal  stability  was  monitored  at  different  temperatures  by  obtaining  fiber 
optic  and  circle  cell  spectra. 

Sun  Jet  A-1  and  Shell  Jet  A  were  the  fuels  tested.  Both  fuels  were  obtained  from  the  Air  Force. 
Based  on  JFTOT  test  data,  the  break  point  of  the  Sun  fuel  was  332  °C  while  the  break  point  of  the 
Shell  fuel  was  266  °C.  Since  the  jet  fuels  have  significantly  different  thermal  stabilities,  the 
advanced  FSTS  can  be  evaluated  based  on  its  ability  to  differentiate  between  a  “stable"  and  an 
"unstable*  fuel. 

The  jet  fuol  thermal  stability  experiments  were  performed  by  initially  obtaining  fiber  optic  and  circle 
cell  spectra  of  the  unstressed  fuel.  The  fuel  was  then  thermally  stressed  by  heating  the  fiber  optic 
probe  to  100  °C.  After  the  fiber  optic  probe  was  at  100  °C  for  15  to  30  minutes,  fiber  optic 
spectra  were  obtained  of  the  hot  fuel.  The  translational  table  was  then  energized  in  order  to  move 
the  circle  cell  into  the  focus  of  the  infrared  beam.  Circle  cell  spectra  were  obtained  at  ambient 
temperature  of  the  unfiltered  fuel,  and  also  of  the  fuel  filtered  of  insoluble  gums  greater  than  two 
microns  in  size.  A  minimum  of  two  times  the  circle  cell  volume  (6  ml)  was  pumped  through  the 
circle  cell  in  between  obtaining  the  filtered  and  unfiltered  fuel  spectra.  The  reactor  tube 
temperature  was  increased  in  50  °C  intervals  and  data  obtained  using  the  above  procedure.  Due 
to  the  pressure  limitations  of  the  current  system,  the  test  sequence  was  concluded  at  500  °C. 

In  addition,  a  series  of  fiber  optic  tests  were  conducted  in  which  the  fuel  was  thermally  stressed  to 
different  temperatures  and  then  cooled  to  room  temperature.  Fiber  optic  spectra  were  obtained 
before  and  after  thermally  stressing  the  fuel.  By  using  this  test  procedure,  the  fiber  optic  data  did 
not  have  to  be  corrected  for  the  temperature  dependence  of  the  penetration  depth. 

The  fiber  optic  spectral  data  was  analyzed  by  examining  the  absorbance  of  the  aliphatic  C-H 
stretching  region  from  2850  cm'1  to  2960  cm'1.  The  composition  of  the  fuel  and/or  deposit  was 
calculated  by  curve  resolving  the  CH3  peaks  at  2873  cm'1  and  2955  cm'1,  the  CH2  peaks  at  2854 
cm'1  and  2921  cm'1,  and  the  CH  peak  at  2895  cm'1-.  To  determine  if  the  initial  deposits  were 
unbranched  aliphatic  hydrocarbons  (wax),  the  CH2/CH3  ratio  was  calculated  at  different 
temperatures.  Also,  the  aromatic  C-H  stretching  peak  at  3030  cm'1  was  compared  to  the  aliphatic 
peaks  to  determine  if  the  deposits  were  becoming  more  aromatic  at  the  higher  temperatures.  The 


38 


circle  cell  measured  the  bulk  fuel  composition.  Changes  in  the  OH,  aliphatic,  olefin,  and  aromatic 
constituents  were  calculated  by  subtracting  the  raw  fuel  from  the  stressed  fuel  spectra. 

QCM  •  QCM  measurements  were  made  using  a  flow  cell  connected  to  a  heated  tube.  The 
dimensions  of  the  tube  were  the  same  as  those  of  the  one  used  with  the  fiber  optic  probe  detector. 
Tests  were  conducted  with  N2  sparged  and  aerated  jet  fuels  (Shell  Jet  A  and  Sun  Jet  A-1)  under 
similar  conditions  of  fuel  flow  and  temperature  as  were  used  for  the  tests  with  the  FT-IR  probe. 

The  frequency  of  the  QCM  was  monitored  as  the  flowing  fuel  was  gradually  heated.  Temperatures 
of  the  reactor  wall  near  the  center  of  the  tube  and  near  the  QCM  probe  were  also  monitored. 

Results 

The  fiber  optic  and  the  QCM  probe  were  designed  to  measure  the  mass  and  composition  of  the 
surface  deposits  at  high  temperature  and  pressure  while  the  circle  cell  monitors  the  changes  in  the 
bulk  fuel  composition.  Together  these  diagnostic  instruments  monitor  the  thermal  degradation  of 
the  jet  fuel  and  can  determine  fuel  stability  as  well  as  provide  a  better  understanding  of  the 
chemistry  that  results  in  the  surface  deposits. 

The  results  of  the  fiber  optic  probe,  circle  cell,  and  QCM  probe  will  be  discussed  in  this  section. 

The  temperatures  reported  are  of  the  control  thermocouple  which  was  located  5  1  /2  inches  from 
the  fuel  inlet  on  the  outside  wall  of  the  reactor  tube.  In  the  previous  section,  the  wall  temperature 
profile  and  jet  fuel  temperature  profile  at  different  control  thermocouple  temperatures  were 
discussed  and  presented  in  Fig.  4.3-3. 

Fiber  Optic  Probe  -  It  was  discussed  in  the  previous  section  that  tne  degree  of  infrared  attenuation 
in  an  internal  reflection  element  varies  with  temperature.  The  observed  absorbance  is  a  product  of 
the  extinction  coefficient  (e),  the  penetration  depth  (dp),  and  the  concentration,  all  of  which  vary 
with  temperature.  Initially,  to  remove  the  temperature  dependence,  a  series  of  experiments  was 
conducted  in  which  the  fuel  was  thermally  stressed  and  then  cooled  to  room  temperature.  The 
composition  of  any  surface  deposits  was  determined  by  comparing  the  room  temperature  spectra 
of  the  fuel  before  and  after  the  thermal  stressing.  Figures  4.4-1  and  4.4-2  present  the  room 
temperature  absorption  spectra  of  the  Shell  and  Sun  fuels  after  various  degrees  of  thermal 
stressing.  In  Figs.  4.4-3  and  4.4-4,  the  aliphatic  C-H  stretching  region  has  been  enlarged.  For  the 
Shell  fuel,  an  aliphatic  deposit  began  to  form  on  the  surface  of  the  fiber  at  150  °C  and  continued  to 
grow  as  the  fuel  was  heated  to  higher  temperatures.  Conversely,  absorbance  in  the  hydroxyl 
region  decreases  with  increasing  thermal  stress  temperature.  To  verify  that  the  increase  in  the 
aliphatic  C-H  stretching  was  not  due  to  displacement  of  the  hydroxyl  species  (e.g.,  H20),  the  room 
temperature  absorption  spectra  of  the  Shell  fuel  was  obtained  both  10  minutes  and  18  hours  after 
being  thermally  stressed  at  400  °C.  Since  the  aliphatic  C-H  absorption  remained  constant  while 
the  OH  absorption  returned  to  its  unstressed  value,  it  was  concluded  that  the  increase  in  the  C-H 
absorption  was  due  to  a  deposit.  In  contrast,  the  Sun  fuel  absorption  remained  almost  constant. 
The  aliphatic  absorption  only  started  to  increase  after  being  thermally  stressed  at  500  °C  for  30 
minutes. 

In  order  to  determine  the  composition  of  the  aliphatic  region,  the  CH,  CH2,  and  CH3  peaks  were 
curve  resolved.  From  reference  libraries  (68),  the  CH  peak  is  located  at  2895  cm'1,  the  CH2  peaks 
are  located  at  2854  cm*1  and  2921  cm*1,  and  the  CH3  peaks  are  located  at  2873  cm*1  and  2955 
cm"1.  The  curve  resolving  is  accomplished  by  adding  absorption  peaks  with  Gaussian  shapes  and 
variable  positions,  widths,  and  heights.  As  an  example,  the  curve  resolving  of  the  unstressed  Shell 
fuel  is  presented  in  Fig.  4.4-5.  Since  the  absorption  spectra  were  obtained  at  the  same 
temperature,  the  absolute  absorbances  of  these  peaks  can  be  compared  and  are  shown  in  Fig. 
4.4-6.  The  total  CH2  absorbance  was  calculated  by  summing  the  CH2  absorbances  at  2854  cm'1 
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Figure  4.4-1.  Shell  Fuel  Sapphire  FT-IR/ATR  Absorption  Spectra  After  Thermal 
Stressing  to  Various  Temperatures. 
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Figure  4.4-2.  Sun  Fuel  Sapphire  FT-IR/ATR  Absorption  Spectra  After  Thermal 
Stressing  to  Various  Temperatures. 
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Figure  4.4-3.  Shell  Fuel  Sapphire  FT-IR/ATR  Absorption  Spectra  for  Aliphatic  Region 
After  Thermal  Stressing  to  Various  Temperatures. 
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Figure  4.4-4.  Sun  Fuel  Sapphire  FT-IR/ATR  Absorption  Spectra  for  Aliphatic  Region 
After  Thermal  Stressing  to  Various  Temperatures. 
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Figure  4.4-5.  Curve  Resolving  of  the  Shell  Fuels  CH,  CH£  and  CH3  Peaks. 
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and  2921  cm*1.  This  additive  technique  was  assumed  to  be  valid  since  the  2921  cm'V2854  cm’1 
ratio  remained  within  4%  of  the  value  for  the  unstressed  fuel.  Likewise,  the  total  CH3  absorbance 
was  calculated  using  the  same  procedure  since  the  2955  cm*V2873  cm'1  ratio  remained  within 
10%  of  the  value  for  the  unstressed  fuel.  The  major  difference  between  the  two  fuels  was  that  the 
Shell  fuel  CH2  absorbance  increased  significantly  from  200  °C  to  400  °C  while  the  Sun  fuel  CH2 
absorbance  was  constant  (Fig.  4.4-6b). 

To  determine  the  change  in  the  relative  composition  of  the  Shell  fuel  deposit  versus  the  unstressed 
fuel,  the  percent  change  in  the  CH2/CH3  ratio  was  calculated  for  both  fuels  and  is  presented  in  Fig. 
4.4-7.  The  increase  in  the  CH2/CH3  ratio  at  200  °C  for  the  Shell  fuel  indicates  that  the  initial 
deposits  were  long,  unbranched,  aliphatic  alkane  hydrocarbons,  i.e.,  waxes.  The  results  are 
consistent  with  previous  FSTS  experiments  using  a  wire  deposit  probe  (17,18).  The  high  molecular 
weight  waxes  which  form  deposits  are  a  result  of  the  fuel  degradation  reactions. 

Oue  to  the  relatively  small  amounts  which  were  produced  on  the  previous  wire  probe  tests,  they 
are  probably  not  produced  from  the  main  decomposition  path  of  the  fuel.  One  possibility  is  that 
the  waxes  arise  from  the  radical  termination  reactions  resulting  from  either  the  oxidative  or  pyrolytic 
free  radical  decomposition  of  the  fuel.  Schulz  (38)  has  recently  reported  that  hexadecane  was  the 
largest  component  of  deposits  produced  from  a  surrogate  JP-8  fuel,  which  supports  the  results  of 
the  current  and  previous  study  (17). 

The  same  test  sequence  was  repeated  for  the  Shell  fuel  and  the  percent  change  in  CH2/CH3  ratio 
is  also  plotted  in  Fig.  4.4-7.  While  the  increase  in  the  CH2/CH3  ratio  was  somewhat  different  at 
400  °C,  the  overall  trend  was  identical.  Both  tests  indicated  that  a  deposit  was  starting  to  form  on 
the  fiber  between  150  °C  and  200  °C. 

To  verify  that  the  changes  in  the  aliphatic  region  were  a  result  of  surface  deposits  on  the  fiber 
optic,  the  reactor  tube  was  purged  with  dry  air  after  the  fuels  were  thermally  stressed  at  500  °C. 

By  purging  the  reactor  tube,  it  was  assumed  that  the  volatile  jet  fuel  would  evaporate  while  the 
nonvolatile  deposit  would  remain  on  the  fiber.  After  drying  the  fiber,  the  Shell  fuel  had  a  large 
absorption  in  the  aliphatic  region.  This  peak  corresponded  to  the  same  increase  observed  in  the 
room  temperature  absorption  spectra  after  the  fuel  was  thermally  stressed.  The  Shell  fuel  deposit 
was  curve  resolved  and  the  CH2/CH3  ratio  was  2.3  compared  to  1 .5  for  the  unstressed  liquid  fuel. 
Again,  this  indicated  that  the  increase  in  CH2/CH3  was  due  to  the  deposit  consisting  of  longer 
chain  aliphatics  than  the  unstressed  fuel.  For  the  Sun  fuel,  the  fiber  was  nearly  identical  optically  to 
the  air  reference  obtained  prior  to  the  thermal  stress  experiment.  Therefore,  the  Sun  fuel  did  not 
produce  a  permanent  surface  deposit  when  exposed  to  the  500  °C  test  conditions  of  the  Advanced 
FSTS.  Figures  4.4-8  and  4.4-9  are  the  initial  and  dried  absorption  spectra  of  the  stressed  Shell  and 
Sun  fuels,  respectively. 

Since  a  deposit  was  not  formed  on  the  fiber  when  stressing  the  Sun  fuel  under  the  Advanced  FSTS 
test  conditions,  the  changes  observed  in  its  spectral  features  were  due  to  the  decomposition  of  the 
bulk  fuel.  In  the  case  of  the  Shell  fuel,  a  wax  deposit  began  to  cover  part  of  the  sapphire  surface 
at  150  °C.  Since  the  fiber  is  not  exposed  to  a  uniform  temperature,  the  fiber  optic  was  measuring 
both  changes  in  the  composition  of  the  fuel  and  the  deposit.  For  phase  II,  the  fiber  optic  probe  will 
be  redesigned  so  that  the  fuel  exposed  to  the  fiber  is  at  a  constant  temperature.  This  can  be  done 
by  creating  an  optical  "window"  in  the  middle  of  the  probe. 

This  experimental  procedure  demonstrated  that  the  fiber  optic  probe  was  sensitive  to  determining 
the  composition  of  surface  deposits  and  also  being  able  to  distinguish  between  a  “stable"  and  an 
"unstable"  fuel.  The  next  set  of  experiments  involved  heating  the  fuel  in  50  °C  intervals  and 
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Figure  4.4-7.  Percent  Change  in  CI^/CHg  Absorbance  Ratios  for  Shell  and 
Sun  Fuels  Stressed  to  Various  Temperature.  Results  Based  on  Analysis  of 
Room  Temperature  Spectra  after  Stressing  to  Indicated  Temperature. 
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Figure  4.4*8.  Comparison  of  Sapphire  FT-IR/ATR  Absorbance  Spectra  in  Air 
after  Exposing  Fiber  to  Shell  Fuel  Stressed  at  Temperatures  up  to  500°C. 


Figure  4.4-9.  Comparison  of  Sapphire  FT-IR/ATR  Absorbance  Spectra  in  Air 
after  Exposing  Fiber  to  Sun  Fuel  Stressed  at  Temperatures  up  to  500°C. 
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obtaining  the  spectra  while  the  fuel  was  at  temperature.  This  is  the  desired  approach  for  a  jet  fuel 
thermal  stability  test  Instrument  since  it  allows  a  more  rapid  and  realistic  assessment  of  the  fuel 
stability. 

Figures  4.4-10  and  4.4-11  are  the  absorption  spectra  at  wall  temperatures  ranging  from  25  °C  to 
500  °C  for  the  Shell  and  Sun  fuels,  respectively.  To  remove  the  attenuation  temperature 
dependence,  the  absorption  spectra  were  calculated  using  air  background  spectra  at  the 
corresponding  temperature.  Due  to  the  shorter  penetration  depth  at  higher  temperatures,  the 
absolute  absorption  spectra  can  not  be  directly  compared.  In  phase  II,  the  temperature 
dependence  of  the  C-H  stretching  bands  will  be  determined  through  calibration  experiments  in 
order  to  make  a  direct  comparison.  For  phase  I,  the  absorption  spectra  were  analyzed  by  curve 
resolving  the  aliphatic  C-H  stretching  peaks  and  comparing  the  CH2/CH3  ratio.  The  CH2/CH3  ratio 
at  different  wall  temperatures  is  presented  In  Fig.  4.4-12.  For  the  Shell  fuel,  the  CH2/CH3  ratio 
increases  from  room  temperature  until  300  °C  with  a  large  increase  observed  between  150  °C  and 
200  °C.  These  data  were  consistent  with  the  previous  room  temperature  data.  The  reduction  in 
the  CH2/CH3  ratio  from  300  °C  to  450  °C  was  possibly  a  result  of  competing  chemical  reactions  or 
could  be  a  result  of  the  approximations  in  the  curve  resolving  procedure.  Since  the  jet  fuel  was  not 
at  a  constant  temperature  along  the  length  of  the  fiber,  the  fiber  optic  was  measuring  both  the  wax 
formation  on  the  cooler  part  of  the  fiber  and  the  possible  transformation  or  dissolution  of  the  wax 
on  the  hotter  part  of  the  fiber.  For  the  Phase  II  probe,  the  fiber  optic  will  be  redesigned  so  that  the 
measurments  are  made  in  a  small  region  of  uniform  temperature  fuel.  In  the  case  of  the  Sun  fuel, 
the  CH2/CH3  ratio  remained  within  10%  of  the  unstressed  fuel  during  this  test  sequence,  as 
shown  in  Fig.  4.4-12. 

While  the  aromatic  C-H  stretching  peak  at  3030  cm'1  was  very  small  compared  to  the  aliphatic  C-H 
stretching  peaks,  the  spectral  data  were  analyzed  to  determine  if  the  fuel  was  becoming  more 
aromatic  as  it  was  thermally  stressed.  As  with  the  aliphatic  C-H  stretching  peaks,  the  absolute 
absorption  of  the  aromatic  C-H  stretching  peaks  cannot  be  directly  compared  because  of  the 
reduction  in  penetration  depth  with  temperature.  Therefore,  the  region  from  2800  cm'1  to  3050 
cm'1  was  curve  resolved  and  the  aromatic  C-H  stretching  peak  was  ratioed  to  the  aliphatic  C-H 
stretching  peaks.  Figure  4.4-13  presents  the  aromatic  to  aliphatic  ratio  for  both  fuels.  The  ratio 
increased  gradually  from  25  °C  to  400  °C  with  a  definite  increase  in  the  aromatic  composition  of 
the  fuel  observed  at  the  450  °C  wall  temperature.  For  the  Shell  fuel,  the  wax  deposit  started  to 
form  on  the  fiber  at  150  °C  to  200  °C  while  an  increase  in  the  aromatic  composition  was  observed 
at  the  200  °C  wall  temperature.  This  ratio  remains  constant  until  450  °C  and  then  increases 
significantly.  Consequently,  it  appears  that  changes  in  the  aromatic  absorbance  at  temperature  are 
not  as  well  correlated  with  the  deposit  formation  processes  since  it  is  certainly  affected  by  changes 
in  the  bulk  fuel  composition,  as  described  below. 

Circle  Cell  -  The  circle  cell  absorption  spectra  for  the  unstressed  Shell  and  Sun  fuels  are  shown  in 
Fig.  4.4-14.  Both  fuels  were  primarily  aliphatic,  but  also  contained  hydroxyl,  alcohol,  and  aromatic 
groups.  The  filtered  and  unfiltered  spectra  of  the  Shell  and  Sun  fuels  after  being  thermally  stressed 
at  500  °C  are  presented  in  Fig.  4.4-15.  In  addition  to  the  spectral  features  observed  in  the 
unstressed  fuel,  the  degraded  jet  fuel  also  contained  olefins.  Since  the  fuel  was  at  reduced 
temperature  and  well  mixed  in  the  circle  cell,  these  spectra  represent  the  bulk  fuel  composition. 

The  raw  absorption  spectra  for  all  the  experiments  are  in  Appendix  B. 

The  aliphatic  peaks  were  curve  resolved  using  the  same  procedure  as  described  for  the  fiber  optic 
probe.  To  determine  if  the  deposit  from  the  Shell  fuel  is  a  result  of  the  primary  fuel  degradation 
reactions,  the  CH2/CH3  ratio  was  calculated  and  compared  to  the  fiber  optic  data.  Since  the  ratio 
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Figure  4.4-10.  Absorption  Spectra  (at  temperature)  from  Sapphire  FT-IR/ATR 
Spectroscopy  of  Shell  Fuel  Stressed  to  Various  Temperatures. 
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Figure  4.4-11.  Absorption  Spectra  (at  temperature)  from  Sapphire  FT-IR/ATR 
Spectroscopy  of  Sun  Fuel  Stressed  to  Various  Temperatures. 
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Figure  4.4-12.  Comparison  of  Percent  Change  in  CH2/CH3  Ratio  from  Absorbance 
Spectra  (at  temperature)  from  Sapphire  FT-IR/ATR  Spectroscopy  of  Shell  and  Sun  Fuels. 


Figure  4.4-13.  Comparison  of  Changes  in  Aromatic/Aliphatic  Ratio  from  Absorbance 
Spectra  (at  temperature)  from  Sapphire  FT-IR/ATR  Spectroscopy  of  Shell  and  Sun  Fuels. 
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Figure  4.4-14.  FT-ER/ATR  Absorption  Spectra  from  Circle  Cell  for  Unstressed 
Fuels,  a)  Shell  Fuel;  b)  Sun  Fuel. 
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Figure  4.4-15.  FT-IR/ATR  Absorption  Spectra  from  Circle  Cell  for  Fuels  Stressed  at 
500°C.  a)  Shell  Fuel;  b)  Sun  Fuel. 


remained  almost  constant  throughout  the  test  sequence,  the  circle  cell  spectra  of  the  bulk  fuel 
composition  indicated  that  the  mechanism  that  resulted  in  a  deposit  was  a  side  reaction.  The 
CH2/CH3  ratio  for  both  fuels  is  presented  in  Fig.  4.4-16. 

The  results  of  several  prominent  spectral  features  from  the  difference  spectra  (the  raw  fuel  was 
subtracted  out)  are  shown  in  Figs.  4.4-17  to  4.4-21 .  Results  are  presented  with  the  filter  on  and 
fitter  off  to  indicate  features  which  may  be  associated  with  the  filtered  insoluble  gums.  The 
difference  spectra  for  all  of  the  experiments  are  also  given  in  Appendix  B. 

The  olefin  absorbances  at  890  cm'1  and  910  cm'1  are  shown  in  Figs.  4.4-17  and  4.4-18, 
respectively.  The  olefins  started  to  appear  in  both  fuels  at  400  °C  and  their  concentration 
increased  as  the  wall  temperature  was  heated  to  500  °C.  Since  both  fuels  behaved  in  the  same 
manner  when  thermally  stressed,  the  formation  of  olefins  in  a  flow  system  was  not  an  indication  of 
whether  a  fuel  will  form  a  deposit. 

There  was  little  difference  between  the  results  for  the  filter  on  and  filter  off  cases,  which  is 
consistent  with  the  idea  that  the  circle  cell  is  reflecting  changes  in  the  bulk  fuel  composition.  The 
small  changes  could  be  due  to  the  removal  of  insoluble  gums  which  may  exist  as  suspensions  in 
the  fuel. 

In  Fig.  4.4-19,  the  height  of  the  aromatic  peak  at  690  cm'1  is  plotted  versus  temperature.  An 
increased  aromatic  concentration  was  measured  only  for  the  Shell  fuel  at  500  °C  wall  temperature. 
Again,  the  aromatic  concentration  of  the  unfiltered  fuel  was  similar  to  the  filtered  fuel. 

It  should  be  noted  that  the  circle  cell  results  for  both  the  olefin  and  aromatic  absorbances  (Figs. 
4.4-17  to  4.4-19)  indicate  that  the  Sun  fuel  is  also  more  stable  with  respect  to  bulk  decomposition. 
The  utility  of  the  circle  cell  in  an  advanced  FSTS  will  be  in  making  the  assessments  for  high 
temperature  stability  where  bulk  decomposition  occurs.  In  addition,  a  comparison  of  spectral 
results  between  the  two  FT-IR  ATR  probes  (fiber-optic  and  circle  cell),  after  correcting  for 
temperature  differences  and  the  differences  in  refractive  indices  can  be  used  to  determine  if  a 
deposit  layer  is  being  formed  or  whether  both  probes  are  measuring  the  bulk  composition.  This 
approach  will  be  investigated  in  Phase  II. 

The  results  for  changes  in  the  OH  absorption  from  circle  cell  spectra  for  the  two  fuels  are  shown  in 
Fig.  4.4-20.  These  results  may  be  influenced  by  the  presence  of  water  in  the  fuel  and  the  affinity  of 
the  ZnSe  crystal  in  the  ATR  cell  for  OH  compounds.  Consequently,  additional  work  will  be 
required  before  these  trends  can  be  interpreted. 

Changes  in  the  baseline  slope  of  the  FT-IR  spectrum  can  occur  from  electronic  effects  due  to 
Increased  aromatics  content  or  from  scattering  of  particulates.  Figure  4.4.21  presents  the  change 
In  the  baseline  slope  at  5000  cm'1  for  the  Shell  and  Sun  fuels.  The  change  in  the  baseline  slope 
was  approximately  the  same  for  both  fuels  and  was  not  affected  by  filtering  out  the  particles  larger 
than  two  microns.  Parker  et  al.  (47)  have  recently  determined  the  particulates  present  in  jet  fuel 
from  thermal  stressing  are  much  smaller  than  2  pm.  While  the  baseline  slope  clearly  provides 
information  on  the  thermal  degradation  of  the  bulk  fuel,  additional  data  will  be  required  to 
determine  whether  it  provides  any  information  on  the  deposit  formation  process. 

Results  for  QCM  Probe  -  Data  from  a  run  with  deaerated  N2  sparged  Shell  Jet-A  fuel  is  shown  in 
Fig.  4.4-22.  There  are  three  sets  of  data  in  the  figure:  the  QCM  frequency,  the  reactor  wall 
temperature,  and  the  temperature  near  the  QCM  probe.  While  the  reactor  wall  got  as  hot  as  480 
°C,  the  QCM  probe  temperature  rose  only  to  about  350  °C.  The  initial  frequency  of  the  QCM  at 
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Figure  4.4-16.  FT-IR/ATR  Absorption  Data  for  CH^/CHg  Ratio  Data  from 
Circle  Cell  for  Shell  and  Sun  Fuels  Stressed  to  Various  Temperatures. 
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-m-  STABLE:  FILTER  ON  STABLE:  FILTER  OFF  UNSTABLE:  FILTER  ON  -13-  UNSTABLE:  FILTER  OF 


Figure  4.4-17.  FT-IR/ATR  Absorption  Data  from  Circle  Cell  Subtraction  Spectra  for 
Height  ofR2C=CH2  Absorbance  (890  cm'1)  for  Stable  (Sun)  and  Unstable  (Shell)  Fuels. 


-m-  STABLE:  FILTER  ON  STABLE:  FILTER  OFF  UNSTABLE:  FILTER  ON  -Q-  UNSTABLE:  FILTER  OF 


Figure  4.4-18.  FT-IR/ATR  Absorption  Data  from  Circle  Cell  Subtraction  Spectra  for 
Height  of  RCH=CH2  Absorbance  (910  cm'1)  for  Stable  (Sun)  and  Unstable  (Shell)  Fuels. 
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Figure  4.4-19.  FT-IR/ATR  Absorption  Data  for  Height  of  Aromatic  C-H  (690  cm-1) 
Absorbance  from  Circle  Cell  Subtraction  Spectra  for  Stable  (Sun)  and  Unstable  (Shell) 
Fuels  Stressed  to  Various  Temperatures. 


Figure  4.4-20.  FT-IR/ATR  Absorption  Data  for  Height  of  OH  (3300  cm"  ) 
Absorbance  from  Circle  Cell  Subtraction  Spectra  for  Stable  (Sun)  and  Unstable 
(Shell)  Fuels  Stressed  to  Various  Temperatures. 
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Figure  4.4-21.  FT-ER/ATR  Absorption  Data  for  Slope  of  Baseline  at  5000  cm'1 
Absorbance  from  Circle  Cell  Subtraction  Spectra  for  Stable  (Sun)  and  Unstable 
(Shell)  Fuels  Stressed  to  Various  Temperatures. 
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Figure  4.4-22.  QCM  Data  from  a  Run  with  Deaerated  Shell  Jet-A  Fuel. 
Periodic  Spikes  in  the  Frequency  Once  the  Fuel  is  Above  300°C. 


Figure  4.4-23.  QCM  Data  from  a  Run  with  Aerated  Shell  Jet-A  Fuel. 
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room  temperature  in  contact  with  the  fuel  was  41 .38  kHz  and  it  slowly  decreased  during  the  heat¬ 
up.  The  lowest  frequency  during  the  run  was  40.93  kHz.  When  the  fluid  was  cooled,  the  QCM 
frequency  increased,  and  the  final  frequency  was  essentially  the  same  as  the  initial  value  (41 .36 
kHz).  The  QCM  frequency  displayed  several  spikes  once  the  fuel  was  hot.  These  spikes  suggest 
the  formation  of  viscous  film  causing  the  frequency  to  decrease.  These  films,  however,  probably 
redissolved  or  flaked  off  and  the  frequency  rose  again. 

Examination  of  the  probe  at  the  end  of  the  run  showed  no  visible  signs  of  any  deposit,  although, 
there  were  some  deposits  on  the  region  in  contact  with  stagnant  fuel  and  on  the  Cu  gasket. 

A  similar  run  was  conducted  with  aerated  Shell  Jet-A  fuel.  In  this  case,  the  QCM  probe 
temperature  was  held  at  350  °C  for  an  extended  period.  The  data  from  this  run  are  displayed  in 
Fig.  4.4-23.  The  initial  QCM  frequency  was  again  41 .38  kHz,  but  the  frequency  during  the  run 
dropped  to  a  substantially  lower  value  of  40.6C  kHz.  After  a  while,  the  frequency  increased  to 
about  40.80  kHz,  and  periodically  dropped  to  about  40.60  kHz.  When  the  heat  was  turned  off,  the 
frequency  increased  and  finally  reached  the  same  value  as  the  initial  (not  shown  on  the  figure). 
Examination  of  the  probe  at  the  end  of  the  run  showed  a  thin  film  of  deposit  on  the  probe.  The 
fact  that  at  room  temperature  the  QCM  frequency  was  the  same  with  or  without  the  film,  strongly 
supports  the  hypothesis  that  the  frequency  change  is  a  result  of  viscosity  dampening  due  to  the 
film  and  not  a  result  of  the  mass  change.  Further  proof  of  this  conjecture  can  be  seen  in  Fig.  4.4- 
24  which  shows  no  change  in  the  room  temperature  as  a  result  of  cleaning  the  probe.  We  suggest 
that  at  350  °C  the  deposit  Is  viscous,  but  at  room  temperature  it  behaves  as  a  rigid  deposit. 
Because  the  X-cut  quartz  crystals  oscillate  at  a  relatively  low  frequency  (~  40  kHz),  the  QCM  we  are 
using  is  not  as  sensitive  to  mass  changes  as  it  Is  to  viscosity  dampening. 

Researchers  at  Sandia  National  Laboratories  have  also  used  a  QCM  to  monitor  film  formation 
during  thermal  stressing  of  jet  fuels  (31,32).  They  have  used  AT-cut  crystals  which  oscillate  around 
5  MHz.  Although,  they  have  attributed  the  frequency  change  to  the  mass  of  the  film,  they  also 
observed  an  increase  in  the  impedance  of  the  system,  which  can  only  result  from  viscosity 
dampening.  Thus,  even  in  the  Sandia  experiment,  the  mass-detector  is  actually  responding  to  the 
formation  of  a  viscous  film. 

Data  from  a  run  with  aerated  Sun  Jet  A-1  fuel  are  shown  in  Fig.  4.4-25.  The  drop  in  frequency  is 
not  as  large  as  with  the  Shell  fuel.  Figures  4.4-26  and  4.4-27  summarize  the  results  from  several 
runs  with  Shell  and  Sun  fuels  respectively.  The  reduction  in  frequency  due  to  aeration  is 
substantial  with  the  Shell  fuel,  but  with  the  Sun  fuel  there  is  essentially  no  change  due  to  aeration. 
The  results  are  consistent  with  the  known  greater  thermal  stability  of  the  Sun  Jet  A-1  fuel  and  the 
fact  that  no  visible  deposit  was  observed  for  either  the  aerated  or  de-aerated  Sun  fuel.  Thus,  the 
QCM  detector  was  able  to  discriminate  between  the  two  fuels.  Evidently  the  QCM  detector  is 
responding  to  formation  of  a  film  on  the  surface  of  the  probe.  While  the  amount  of  dampening  is 
related  to  the  mass  of  the  film,  the  relationship  is  not  straightforward  and  it  may  be  more  expedient 
to  empirically  calibrate  the  observed  frequency  change  against  the  mass  of  the  film. 
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Figure  4.4*24.  At  Room  Temperature  Resonant  Frequency  of  the  QCM  does  not 
Change  With  or  Without  the  Deposit. 
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Figure  4.4-2S.  QCM  Data  from  a  Run  with  Aerated  Sun  Jet  A-l  Fuel. 


QCM  PROBE  TEMPERATURE  (C) 


Figure  4.4-26.  Reduction  in  Resonant  Frequencies  of  the  QCM  Probe  Resulting 
from  Contact  with  Heated  Shell  Oet-A  Fuel.  Note  Marked  Effect  of  Aeration. 
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Figure  4.4-27.  Reduction  in  Resonant  Frequencies  of  the  QCM  Probe  Resulting 
from  Contact  with  Heated  Sun  Jet  A-l  Fuel. 
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Summaae 


The  results  from  the  analysis  of  the  room  temperature  FT-IR  deposit  probe  absorbance  spectra 
after  thermal  stressing  of  the  Shell  and  Sun  fuels  clearly  show  the  expected  difference  In  stability 
for  these  two  fuels.  The  results  are  not  as  clear  for  the  spectra  obtained  at  temperature,  but  an 
examination  of  the  CH2/CH3  ratio  shows  the  correct  trend.  This  is  consistent  with  the  aliphatic 
nature  of  the  initial  deposits.  The  results  from  the  room  temperature  ATR  circle  cell  reflect  changes 
primarily  in  the  bulk  fuel  composition  which  are  also  consistent  with  the  expected  trend  in  stability 
for  these  two  fuels.  The  results  from  the  QCM  tests  indicate  that  the  drop  in  frequency  results  from 
viscosity  dampening,  and  not  the  mass,  of  the  film.  The  observed  greater  drop  in  frequency  for 
Shell  Jet  A  as  compared  with  the  more  stable  Sun  Jet  A-1  demonstrates  the  feasibility  of  using  the 
QCM  as  a  thermal  stability  test  probe. 
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5.  CONCLUSIONS 


5.1  Technical  Feasibility 

The  Phase  I  program  demonstrated  the  feasibility  of  using  an  in  situ  FT-iR  fiber  optic  probe  and  a 
quartz  crystal  microbalance  (QCM)  to  monitor  the  growth  of  deposits  and  their  composition  in  a 
high-temperature,  high  pressure  flow  system.  The  specific  accomplishments  of  this  program  can 
be  summarized  as  follows: 

•  Designed,  constructed,  and  tested  an  on-iine  high-temperature  FT-IR  probe  for  monitoring  the 
amount  and  composition  of  surface  deposits. 

•  Designed,  constructed,  and  tested  a  high-temperature  quartz  crystal  microbalance  (QCM)  probe 
for  the  formation  and  growth  of  a  surface  deposit. 

•  Designed,  constructed,  and  tested  a  multiple  path  FT-iR  optical  bench  that  could  sequentially 
monitor  the  fiber  optic  probe,  an  ATR  circle  cell,  and  a  transmission  cell. 

•  Modified  an  existing  fuel  stability  test  system  to  incorporate  the  FT-IR  fiber-optic  probe  and  the 
QCM  probe. 

•  Demonstrated  that  both  the  FT-IR  fiber  optic  probe  and  the  QCM  probe  could  successfully 
differentiate  between  a  "stable"  and  an  "unstable"  fuel.  The  results  from  the  QCM  probe  tests 
indicate  that  the  drop  in  frequency  for  this  particular  probe  results  from  viscosity  dampening 
and  not  the  mass  of  the  film. 

•  Measured  the  composition  of  the  initial  deposit  and  its  changing  composition  with  increased 
thermal  stressing  by  the  FT-IR  fiber  optic  probe.  Confirmed  previous  work  which  indicated  that 
the  initial  deposits  are  highly  aliphatic. 

•  Measured  the  changes  in  the  bulk  fuel  composition  from  thermal  stressing  with  the  ATR  circle 
cell,  which  were  found  to  be  significantly  different  from  the  changes  in  the  deposit  layer 
composition  measured  by  the  fiber-optic  probe. 

5.2  Technical.  Economical  and  Social  Benefits 

If  carried  through  Phases  I!  and  III,  this  program  will  result  in  an  instrument  package,  including 
software,  for  monitoring  of  jet  fuel  thermal  stability.  The  program  is  designed  to  produce  an 
instrument  that  will  have  direct  application  to  process  development  activities  for  thermally  stable 
fuels  and  supercritical  fuels  for  hypersonic  aircraft.  However,  the  same  instrument  v/ould  have 
applications  in  a  much  wider  market  such  as  the  production  of  gasoline  which  does  not  clog  fuel 
injectors  and  the  assessment  of  heat  exchanger  fouling  in  the  petrochemical  industry.  The 
technology  developed  under  this  program  could  also  lead  to  the  development  of  on-line  monitors 
of  fuel  stability  which  can  be  installed  on  board  an  aircraft. 

5.3  Estimated  Cost  of  Approach  Relative  to  Benefits 

The  estimated  cost  of  the  combined  Phase  I  and  Phase  II  efforts  is  about  $815,000.  This  is 
relatively  small  when  compared  to  the  values  of  the  aircraft  that  are  being  developed  and  the  total 
value  of  the  jet  fuels  that  are  used  each  year  by  the  Department  of  Defense. 
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APPENDIX  A  -  “Description  of  QCM  Device" 
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Electronics 


A  simple  electronics  circuit  was  developed  to  operate  the  QCM.  Shown  schematically  in  Fig.  A-l, 
this  circuit  is  a  simple  crystal-controlled  oscillator  that  incorporates  the  drive  crystal  of  the  QCM  as 
Its  frequency  control  element.  U1  functions  as  an  open-loop  oscillator,  with  R3  providing  a  very 
slight  adjustment  in  the  feedback.  U2  is  added  to  provide  a  buffered  drive  signal  for  the  frequency 
counter.  With  both  the  sense  and  drive  crystals  disconnected  from  this  circuit,  it  will  free  run  at  a 
much  higher  frequency,  on  the  order  of  several  hundred  kHz.  With  both  crystals  properly 
connected,  the  frequency  will  stabilize  at  the  resonant  frequency  of  the  crystal  (about  40.168  kHz). 
Adjustment  of  R3  (located  inside  the  control  box)  will  have  very  little  effect  on  the  operating 
frequency,  but  some  effect  on  the  phase  relationship  between  the  drive  and  sense  voltages. 
Normally,  R3  does  not  need  to  be  adjusted. 

The  only  other  instrument  required  to  operate  the  QCM  is  a  frequency  counter.  Any  bench  top 
counter  with  sufficient  accuracy  can  be  used  since  the  signal  provided  by  the  electronics  is  in  the 
form  of  a  bipolar,  +/-  5  volt  square  wave.  Included  along  with  the  QCM  and  electronics  box  is  a 
GT200  frequency  counter  board  manufactured  by  Glide  Technologies,  for  use  with  any  IBM- 
compatible  personal  computer.  The  GT200  is  fully  described  in  the  operating  manual  supplied  with 
the  unit,  and  it  comes  complete  with  the  necessary  software  drivers  and  demonstration  programs. 

Software 

In  addition  to  the  software  drivers  provided  as  part  of  the  GT200  package,  SRI  has  provided  a  data 
acquisition  program  that  can  be  used  to  obtain  results  similar  to  that  shown  in  Fig.  4.2-4.  A 
commented  source  listing  was  also  provided  so  that  this  simple  program  can  be  modified  to 
include  additional  features  such  as  the  direct  recording  of  temperatures  via  a  suitable  A/D  board. 
The  software  disk  includes  both  the  original  source  file  written  in  Microsoft  QuickBasic  Version  4.5 
(but  saved  as  an  ASCII  text  file),  as  well  as  a  complied,  stand  alone  version  that  can  be  operated 
without  QuickBasic. 

In  the  interest  of  providing  a  working  software  package  within  the  time  constraints,  this  program  is 
quite  rudimentary,  and  does  not  make  use  of  a  menu-driven  user  interface,  nor  does  it  provide  any 
output  options  such  as  hardcopy  plots  or  curve  fitting.  The  program  does  generate  an  ASCII 
readable  data  file  during  the  course  of  the  measurement  run  that  can  be  subsequently  input  by  any 
number  of  commercial  analysis  and  graphing  programs.  The  intent  was  to  provide  a  simple  and 
reliable  method  to  test  the  QCM  without  the  need  to  develop  any  additional  software.  On  the  other 
hand,  using  the  drivers  and  examples  provided  with  the  GT200,  customized  software  can  be 
written. 

Opfifailng  Procedure 

Operation  of  the  QCM  is  very  straight  forward.  Prior  to  installing  the  unit  in  the  test  cell,  it  should 
be  tested  to  ensure  that  the  crystals  are  oscillating  properly,  and  that  the  electronics  are  all 
functional.  To  perform  this  test,  it  is  only  necessary  to  connect  the  drive  and  sense  crystals  to  their 
respective  BNC  connections  on  the  electronics  box.  At  this  point,  a  square  wave  of  approximately 
40  kHz  should  be  observed  at  the  computer  BNC  once  power  is  applied  to  the  circuit.  Either  the 
sense  or  drive  signal  can  be  monitored  with  an  oscilloscope,  however,  the  added  probe 
capacitance  may  adversely  affect  the  waveforms. 
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Figure  A-l.  Schematic  of  QCM  Detector  Drive  Circuit 


Once  the  QCM  has  been  tested  to  ensure  that  it  is  functional,  the  unit  can  be  installed  in  the  test 
cell  and  retested.  Using  either  the  software  provided,  or  custom  AFR  software,  a  frequency  vs  time 
profile  can  be  recorded  as  the  fuel  test  cell  is  heated.  Results  similar  to  those  shown  in  Fig.  4.2-4 
should  be  observed  depending  on  the  contents  of  the  ceil. 

Following  any  test  involving  actual  fuels,  the  probe  assembly  may  be  disassembled  to  examine  the 
rod  for  deposits.  Removal  of  the  large  retaining  nut  will  allow  the  probe  assembly  to  be  removed 
from  the  test  fixture.  Replacement  of  the  probe  assembly  will  generally  require  the  use  of  a  new 
copper  gasket. 


70 


APPENDIX  B  -  "Raw  Data  from  ATR  Circle  Cell" 
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Figure  B-l.  Raw  FT-IR/ATR  Absorbance  Spectra  from  Circle  Cell  for  Shell  Fuel 
Stressed  to  Various  Temperatures,  a)  Filter  On;  b)  Filter  Off, 
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Figure  B-2.  Raw  FT--R/ATR  Absorbance  Spectra  from  Circle  Cell  for  Sun  Fuel 
Stressed  to  Various  Temperatures,  a)  Filter  On;  b)  Filter  Off. 
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